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Abstract   

Division is one of the most important events in the life of a cell, which ensures 

that the genetic material and the entire set of cellular components segregate in 

the correct way between the two daughter cells. To divide, cells have to undergo 

profound shape changes in a timely manner. While the actin cortex is known to 

control the changes in cell shape that accompany division, much remains to be 

discovered about the molecular and cellular mechanisms that control cortical 

remodelling and that coordinate asymmetric stem cell divisions.  

In this work, I identify the SCAR-Arp2/3 pathway as a potential new regulator of 

the polarised shape changes in anaphase that help drive asymmetric stem cell 

divisions in Drosophila melanogaster. I show that filopodia-like membrane 

protrusions are found at the apical cortex in metaphase and their organization is 

dependent on Arp2/3. Interestingly, SCAR localizes preferentially at the apical 

cortex of neural stem cells, and both SCAR and the membrane protrusions 

disappear from the apical cortex as cells undergo cortical expansion when they 

enter anaphase. Finally, cells depleted of SCAR or the Arp2/3 complex show a 

disorganized microtubule spindle and cortical defects at the end of mitosis, 

suggesting a role for Arp2/3 in stabilizing cortical shape and tension at the 

metaphase-anaphase transition. This is surprising as the branched actin network 

nucleated by Arp2/3 is known for its role in trafficking, motility of organelles and 

cell migration, rather than in cell division, which depends on Formin-based actin 

nucleation.  

Through this work I propose a role for the SCAR-Arp2/3 pathway in maintaining 

proper cortical organization in the dividing neuroblasts to aid proper asymmetric 

division, hence suggesting a new cellular mechanism that contributes to 

asymmetric cell division in the Drosophila neural stem cells.  
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Impact statement 

In this work I provide new information about the role of different actin networks in 

neuronal stem cells division. Several mechanisms underlying the generation of 

physical asymmetry have been proposed, but it is not well understood how events 

are spatiotemporally coordinated and molecularly controlled. The data gathered 

here help to shed light on these mechanisms in the Drosophila neuroblast, and 

therefore contribute to a better understanding of this model system. A manuscript 

for publication is currently in preparation, which will make these data available for 

the researchers working in the field, providing a background for further research 

on polarity and the actin cytoskeleton. 

 

Many important pathways and processes are controlled by evolutionary 

conserved proteins that are shared by flies and humans, making Drosophila an 

excellent model for the study of division. The discoveries made in this work can 

be applied to better understand stem cell division in other animals, including 

humans. Hopefully, in the future, this improved knowledge will help us elucidate 

fundamental biological processes to improve human health - such as in 

regenerative, stem cell medicine.  
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1.1  Actin 

Actin is one of the most abundant proteins in eukaryotic cells (Dominguez and 

Holmes 2011). It is highly conserved (Dominguez and Holmes 2011; Joseph et 

al. 2008) and contributes to complex biological processes such as cell motility, 

maintenance of cell shape, and cell division (Pollard and Cooper 2009).   

In cells, actin can be found as either a free monomer called G-actin (globular) or 

as part of a polymer microfilament called F-actin (filamentous). Actin filaments 

are formed by two intertwined helical strands (Hanson and Lowy 1963). Actin 

monomers are enzymes that can catalyse the hydrolysis of an ATP molecule, 

and in free subunits this process is very slow (Carlier et al. 1988).  

The subunits assemble head-to-tail to generate actin filaments, and since they all 

point towards the same end of the filaments, these acquire a distinct structural 

polarity. The end that possesses an actin subunit that has its ATP binding site 

exposed is called, by convention, the “minus end”, while the opposite end where 

the ATP cleft faces the adjacent monomer is called the “plus end”. Nucleotide 

hydrolysis within the filament is one of the main factors regulating actin polymer 

dynamics. Actin monomers join the fast-growing plus end (also called barbed 

end) bound to ATP, undergo changes in conformation that lead to increased 

efficiency in hydrolysing ATP, and so as the filament ages, actin-associated ATP 

is converted to ADP. ADP F-actin is less stable than ADP G-actin, so near the 

pointed end depolymerisation occurs releasing ADP G-actin back into the cellular 

actin pool (Dominguez and Holmes 2011; Sept and McCammon 2001; Wegner 

and Isenberg 1983) (Fig. 1.1A).  

The rates at which monomers are added or lost are influenced by actin-binding 

proteins, which can stabilize the filaments or induce depolymerisation 

(Dominguez and Holmes 2011). Through regulation of these proteins, the cell 

controls actin cytoskeleton dynamics and functions (Pollard and Cooper 2009). 
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1.2  Arp2/3  

The nucleation of filaments by pure actin monomers is unfavourable owing to the 

extreme instability of small actin oligomers (Sept and McCammon 2001). To 

overcome this obstacle, and to tune the organization of the actin cytoskeleton, 

cells use factors that directly nucleate actin, such as formin family proteins, the 

actin-related protein-2/3 (Arp2/3) complex, and Spire. 

Formins can bind plus end of a filament to promote growth, providing an anchor 

and protection against capping (Pring et al. 2003), or they can bind actin 

monomers and enhance nucleation in the presence of Profilin (Heimsath and 

Higgs 2012). On the other hand, the Arp2/3 complex associates with the side of 

an existing filament and initiates the formation of a new filament from the minus 

end at a characteristic ~70° angle (Amann and Pollard 2001; Mullins, Heuser, 

and Pollard 1998) .As a result, the type of actin network generated by these two 

nucleators is different: bundles of long actin filaments in the case of Formins, and 

branched networks for Arp2/3 (Campellone and Welch 2010) (Fig. 1.1B). 

The intact Arp2/3 complex was first purified from the Acanthamoeba (Machesky 

et al. 1994), but it is found in most eukaryotic cells (Muller et al. 2005). It consists 

of a stable assembly of seven polypeptides, two of which are the actin-related 

proteins Arp2 and Arp3. These are stabilized in an inactive state by five other 

subunits: ARPC1, ARPC2, ARPC3, ARPC4, and ARPC5 (actin-related protein 

complex-1 to 5) (Goley and Welch 2006) (Fig. 1.2A). 

Arp2 and Arp3 initiate the actin daughter filament by mimicking an actin dimer 

that is then extended by the addition of monomers to the free plus end. ARPC2 

and ARPC4 form the structural core of the complex, with the remaining subunits 

organized around them. ARPC1 is a seven-bladed β-propeller protein, whereas 

ARPC3 and ARPC5 are primarily α-helical and are the most peripheral of the 

subunits (Gournier et al. 2001). 

The Arp2/3 complex coordinated nucleation and branching has an important role 

in several cellular processes. The complex has been shown by genetic studies to 

be essential for viability of both unicellular and multicellular organisms. For 
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example, in yeast, inactivation of specific subunits of the Arp2/3 complex leads 

to severe growth defects or lethality (Winter et al. 1997). In Drosophila the 

disruption of Arp2/3 function causes lethality before adulthood, defects in 

cytoplasmic organization in the blastoderm, axon development and eye 

morphology (Hudson and Cooley 2002a; Zallen et al. 2002). The severity of the 

phenotypes induced by loss of function of the Arp2/3 complex in diverse species 

reflects its role in fundamental and conserved cellular processes. 
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Figure 1.1. F-actin nucleation process and nucleation factors. A. Schematics 
showing how new G-actin is added to a growing filament. B. Schematic 
representation of main two actin nucleator in forming filaments and the resulting 
different shape of actin networks.   
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Figure 1.2. Structure of Arp2/3 complex and its nucleator promoting factors. 
A. Electron micrograph shows the morphology of a y-branched actin filament and 
the Arp2/3 complex. On the right the model for the Arp2/3 complex is based on 
electron tomography. B. Domain organization of representative call I and II NPFs. 
A, acidic; ADFH, actin-depolymerizing factor homology; B, basic; C, central; GBD, 
GTPase-binding domain; PP, poly-proline; SDH, SCAR-homology domain; SH3, 
Src-homology-3; TR, tandem repeat; WH1 & 2, WASP-homology 1 & 2.   
Adapted from Campellone and Welch 2010, and Goley and Welch 2006b.   
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1.3  Arp2/3 nucleation promoting factors 

By itself, the Arp2/3 complex is an inefficient nucleator, and needs to be activated 

by the so-called nucleation promoting factors (NPFs). NPFs are classified in two 

main groups, class I and II, based on the mechanism of activation and their effect 

on the y-branching reaction (Goley and Welch 2006). Class I NPFs possess a 

WCA domain, which is comprised of one or more WASp homology 2 (WH2) 

domains that bind actin monomers (Chereau et al. 2005; Marchand et al. 2001), 

an amphipathic connector region and an acidic peptide that mediate binding to 

Arp2/3 (Panchal et al. 2003) (Fig. 1.2B). Class I NPFs function by delivering an 

actin monomer to the complex, facilitating the formation of a nucleus for the 

polymerization of the daughter filament. After the initiation of a Y-branch, the NPF 

dissociates from the Arp2/3 complex and can participate in multiple rounds of 

Arp2/3 activation (Egile et al. 2005). Part of this class are Wiskott-Aldrich 

syndrome protein (WASP), suppressor of cyclic AMP repressor (SCAR, also 

called WASP-family verprolin-homologue protein (WAVE)), and WASP and 

SCAR homologue (WASH). 

Class II NPFs include yeast actin-binding protein-1 (Abp1) (Goode et al. 2001) 

and Cortactin (Weed et al. 2000). These proteins have an Arp2/3-binding acidic 

region, but lack WH2 domains for binding G-actin. Instead, they contain an F-

actin-binding region that is required for Arp2/3 activation (Fig. 1.2B). Compared 

to Class I, class II NPFs are far less potent activators of the Arp2/3 complex in 

vitro (Campellone and Welch 2010; Goley and Welch 2006). 

WASP was the first NPF to be discovered, and now is one of the best 

characterized. It is found in mammals, fungi and protists. Mammals usually have 

two WASPs: N-WASP is expressed in most cell type while WASP is expressed 

specifically in hematopoietic cells (Bosticardo et al. 2009; Snapper et al. 2001). 

WASP has a modular domain organization consisting of a N-terminal WASP 

homology 1 (WH1) domain, a domain that interacts with activators Cdc42 and 

Rac, and an autoinhibitory motif. WASP is predominantly found in an 

autoinhibited conformation, in which the C-terminus of the protein is occluded 

through its interaction with the N-terminus. This state is released by the 
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competitive binding of the small GTPase Cdc42 and the phospholipid PIP2 

(Campellone and Welch 2010; Kim et al. 2000). 

The highly conserved SCAR/WAVE lacks a GTPase binding domain, and its N-

terminal SCAR homology domains (SHDs) are distinct from the regulatory 

portions of WASP. The SHD associates with a regulatory complex consisting of 

PIR121/CYFIP/Sra1, Nap1/Kette, Abi and HSPC300 (Gautreau et al. 2004). 

Furthermore, like WASPs, WAVEs are basically inactive when purified as 

recombinant proteins (Lebensohn and Kirschner 2009). Mammals have three 

isoforms, WAVE1, 2 and 3, that are expressed in numerous cell types, with WAVE1 

and 2 distributed most broadly, although all are enriched in brain tissue (Campellone 

and Welch 2010; Soderling et al. 2003). Activation of the WAVE complex requires 

simultaneous interaction with the small GTPase Rac1 and acid phospholipids, like 

phosphatidylinositol (3, 4, 5)-triphosphate (PIP3), as well as a specific state of 

phosphorylation (Kobayashi et al. 1998; Lebensohn and Kirschner 2009).  

WASH is a type I NPF that is found on endosomes (Derivery et al. 2009). WASH 

contains 2 WASH homology domains (WHD1 and 2), a proline-rich region and a 

C-terminal acid connecting domain. WASH is intrinsically inactive and exists in a 

macromolecular complex including FAM21, Strumpellin, KIAA1033 and CCDC53 

(Derivery et al. 2009). It is not entirely clear which proteins are needed for WASH 

activation. While studies in Drosophila melanogaster have revealed a role for 

Rho1 in its activity (Liu et al. 2009), mammalian RhoA did not activate the WASH 

regulatory complex in vitro (Jia et al. 2010). At the same time, phosphorylation 

appears to be a general mechanism for regulating WASH-mediated actin 

polymerization and endosomal transport (Tsarouhas et al. 2019). 

1.3.1  Biological functions of WASP-family proteins. 

Numerous biological processes that involve the reorganisation of the actin 

cytoskeleton require the activity of the WASP family of proteins. One of their main 

roles is the formation of actin-based structures, like lamellipodia, filopodia and 

podosomes.  

Lamellipodia are sheet-like structures at the leading edge of the cell, and the 

SCAR/WAVE complex is required for their formation (Kunda et al. 2003; Ridley 
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et al. 1992; Yan et al. 2003). In these processes, WAVE1 and 2 have partially 

overlapping functions, as deficient cells exhibit severe defects in peripheral 

membrane ruffling, lamellipodia formation, and cell mobility (Steffen et al. 2006; 

Suetsugu et al. 2003). WAVE2 might also help organize and maintain cell-cell 

contacts (Yamazaki, Oikawa, and Takenawa 2007). 

By contrast, the role of the WASP family in the formation of filopodia – long, finger-

like cell-membrane protrusions that contain bundles of straight actin filament – is 

less clear. Formins localize to filopodial tips, and their genetic requirement for 

filopodial assembly is undisputed, but WASP family proteins have been 

suggested to play a role in their formation (Biyasheva et al. 2004; Schirenbeck et 

al. 2005).  In addition, the Arp2/3 complex and WASP have been found to 

associate with proteins involved in filopodia formation (Ideses et al. 2008). Thus, 

the “convergent elongation” model has been put forward, which proposes that 

Arp2/3-nucleated filaments can be brought together and elongated by Formins to 

generate the bundles of parallel filaments that underlie filopodial formation 

(Chesarone and Goode 2009).  

In addition to these structural roles, WASP-family proteins have central roles in 

membrane trafficking, and are manipulated during infection by intracellular 

pathogens, like Shigella and E. coli (Stevens, Galyov, and Stevens 2006). WASP 

and N-WASP are recruited, along with Arp2/3, to sites of phagocytosis, and have 

been implicated in the final steps of clathrin-mediated endocytosis, a process in 

which F-actin facilitates membrane fission and drives endosome movement (Jin 

et al. 2022; Qualmann and Kelly 2000).  

Finally, another role for WASP-family proteins is to regulate the architecture of 

the endo-lysosomal system. WASH localizes to early and recycling endosomes, 

where it stimulates Arp2/3 activity to nucleate actin filaments to control the shape 

of these membranes and to influence retromer-mediated trafficking to the trans-

Golgi network, recycling to the plasma membrane and trafficking to late 

endosomes (Derivery et al. 2009; Gomez and Billadeau 2009).    
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1.3.2  Functions in Drosophila 

Flies have one homolog for each of the WASP-family proteins, called respectively 

WASp, SCAR and WASH. Genetic analysis indicates that SCAR is the primary 

NPF in Drosophila, since the loss of both Arp2/3 and SCAR activity leads to 

similar developmental and cellular defects (Zallen et al. 2002). Indeed, SCAR 

activity is involved in axon development, egg chamber structure and adult eye 

morphology (Rodriguez-Mesa et al. 2012; Zallen et al. 2002). Both WASp and 

SCAR are essential for myoblast fusion, during the formation of muscles in both 

embryos and adults (Berger et al. 2008a). SCAR is also responsible for cell-cell 

contact expansion between the two sensory organ precursor (SOP) daughters, 

and Rac-dependent Arp2/3 regulates the timing of adherens junction formation 

upon cell division in the epithelial tissue (Herszterg et al. 2013; Trylinski and 

Schweisguth 2019). Drosophila epithelial cells possess dynamic filopodia and 

lamellipodia, whose morphology depends on Cdc42, aPKC and Par-6. The actin 

network responsible for the formation of these protrusions is nucleated by Rac-

dependent SCAR and Arp2/3 complexes (Georgiou and Baum 2010). 

WASp is also required for specific Notch-mediated fate decisions following 

asymmetric cell divisions in developing central nervous system, microvilli 

formation, and bristle development (Ben-Yaacov et al. 2001a; Bogdan et al. 2004; 

Trylinski, Mazouni, and Schweisguth 2017; Trylinski and Schweisguth 2019; 

Zelhof and Hardy 2004). These functions of WASp are mediated by the Arp2/3 

complex, since the loss of the Arp3 and Arpc1 subunits leads to cell fate defects 

like the ones caused by loss of WASp activity (Rajan et al. 2009).  

WASH has a non-essential function during oogenesis, where it regulates actin 

and microtubule dynamics downstream of Rho GTPase (Liu et al. 2009; Nagel et 

al. 2017). WASH was also shown to be important for regulating nuclear 

architecture, integrin receptor trafficking and lysosome acidification (Nagel et al. 

2017; Verboon et al. 2015). 

Consistent with WASP family proteins carrying out their effects through activation 

of the Arp2/3 complex, Drosophila Arp2/3 mutants have similar defects in 

cytoplasmic organization and cytoskeleton dynamics in many morphogenetic 
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events taking place during oogenesis and early embryogenesis (Hudson and 

Cooley 2002b). 

1.4  Role of different actin networks in mitosis. 

The NPFs and Arp2/3 play numerous roles in actin regulation during interphase. 

However, the mitotic actin cortex is, for the most part, thought to be nucleated by 

Formins. This is due to a shift in dominance of actin nucleators as cells enter 

mitosis (Bovellan et al. 2014; Rosa et al. 2015). Mitotic entry is accompanied by 

loss of Arp2/3-dependent lamellipodia and the assembly of a mitotic cortical actin 

network nucleated instead by the formin Dia (Davidson et al. 2013; Ibarra, Pollitt, 

and Insall 2005; Rosa et al. 2015; Zhuang et al. 2011). The non-branched Dia-

nucleated actin cortex provides an ideal substrate for Myosin motors to walk on 

(Skau, Neidt, and Kovar 2009). The resulting cortical tension generated causes 

cells entering mitosis to round up and adopt a near spherical form (Stewart et al. 

2011). At anaphase, this Dia-dependent actomyosin network is then rearranged 

to generate a contractile actomyosin ring at the cell furrow which, along with polar 

relaxation, drives constriction and cell division (Ramkumar and Baum 2016).  

(D’Avino, Giansanti, and Petronczki 2015). While the loss of Formins 

compromises cytokinesis, making clear their role in this process, in some cell 

types, the Arp2/3 complex has been shown to contribute a significant amount of 

F-actin to the cortex. In addition, actin and Arp2/3 have been proposed to play 

additional roles in mitosis (Bovellan et al. 2014).  

Some of the first clear evidence for a mitotic role for branched actin networks 

came from the study of cytoplasmic actin filaments and their functions in large 

oocytes, egg and embryo cells (Field 2011). Mouse oocytes lack centrosomes, 

and the asymmetric localization of the spindle within the enormous ooplasm is 

regulated by actin in place of microtubules. Inhibiting Arp2/3 in this system 

disrupts migration of the spindle and the completion of cytokinesis (Sun et al. 

2011; Yi et al. 2011). Furthermore, an M-phase-specific increase in cytoplasmic 

Arp2/3-dependent F-actin has been observed by live imaging in C. elegans and 

Xenopus embryos (Field et al. 2011; Velarde, Gunsalus, and Piano 2007).   
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Novel actin structures have also been observed in somatic cells in mitosis. In 

HeLa cells, a cluster of actin filaments appears during prometaphase and 

revolves along the cell cortex at constant speed, before fusing into the contractile 

ring after a few revolutions as cells exit mitosis. This was shown to depend on 

the Arp2/3 complex  (Fink et al. 2011; Mitsushima et al. 2010). Arp2/3-dependent 

actin has also been observed forming close to centrosomes at mitotic exit, and 

WASH was identified as the NPF involved in its generation (Farina et al. 2019). 

However, the functions of both these actin pools remains to be determined.  

Another relatively unexplored role for the Arp2/3 complex in mitosis is the 

prevention of excessive Formin activity. In the C. elegans one-cell embryo, 

treatment with Arp2/3 complex inhibitor delays contractile ring formation and 

constriction. The authors of the study present evidence that the delays are due 

to an excess in Formin-nucleated cortical F-actin, since the Arp2/3 complex 

negatively regulates Formin activity (Chan et al. 2019), even though the Arp2/3 

complex does not localize in the contractile cytokinetic ring. Furthermore, an 

excess of Arp2/3-dependent F-actin in the cytoplasm can indirectly disrupt 

dynamic events during mitosis. Thus, in patients affected by X-linked 

neutropenia, dysregulated activation of Arp2/3 in mitosis leads to defects in cell 

division, and consequently cell death (Moulding et al. 2007, 2012). 

These observations show that overcoming technical challenges in visualizing 

actin enables one to define new structures missed in earlier studies. In addition, 

it shows that different cells and organisms use different mechanisms to achieve 

the same objectives. These data also emphasize the need to further explore the 

role of the Arp2/3 complex in mitosis.  
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1.5  The neuroblasts as a model system.  

The focus of this work will be on Drosophila neural stem cells or “neuroblasts” 

(NBs), which divide to give rise to both neurons and glia. Drosophila 

neurogenesis begins during embryonic stages of development, when NBs 

delaminate from the neuroectoderm and start dividing shortly thereafter (Fig. 

1.3A-B). NBs from the ventral neuroectoderm go on to form the ventral nerve 

cord, and NBs from neural placodes at the head of the embryo form the larval 

brain (Harding and White 2018; Udolph et al. 1995). Delamination and acquisition 

of NB identity depends on Delta/Notch signalling, which refines the expression of 

pro-neural genes to individual cells (Artavanis-Tsakonas, Rand, and Lake 1999; 

Skeath and Carroll 1992). 

At the end of embryogenesis, most NBs in the abdominal region of the embryo 

undergo apoptosis. However, in the cephalic and thoracic regions, a fraction 

becomes quiescent and re-enters the cell cycle during the late 1st instar larval 

stage (Truman and Bate 1988; Tsuji, Hasegawa, and Isshiki 2008). This second 

wave of neurogenesis generates 90% of adult neurons, and continues throughout 

larval stages into pupal stages, at which point the NBs exit from the cell cycle and 

disappear (Homem and Knoblich 2012) (Fig. 1.3A). 

The proliferation patterns of NBs differ between populations. Most NB divisions 

are asymmetric, producing a new stem cell and a smaller ganglion mother cell 

(GMC). In abdominal and thoracic NBs in the ventral nerve cord and type I NBs 

in the larval brain, GMCs divide to produce two daughter cells, which terminally 

differentiate into neurons or glia. A subset of NBs in the larval brain then undergo 

type II divisions, in which the NB divides asymmetrically to generate an 

intermediate neural progenitor (Fig. 1.3C). This progenitor first maturates and 

then divides asymmetrically to produce another progenitor and a GMC (Bello et 

al. 2008; Boone and Doe 2008; Homem and Knoblich 2012). 
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Figure 1.3. Neuroblasts development in Drosophila embryo and larvae. A. 
Timeline of the two waves of neurogenesis occurring during fly development. B. 
Schematics of NB delamination from neuroectoderm (in green). NB progeny is 
represented by GMC (orange) and neurons (black). C. 3rd instar larvae and its 
brain, with representation of the different parts of the brain and the various NB 
types. Adapted from Homem and Knoblich 2012.  
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1.5.1  Establishment of asymmetry and segregation of cell fate determinants. 

All Drosophila NBs exploit the same mechanism to divide asymmetrically. Four 

major steps are necessary for proper asymmetric division: establishment of the 

polarity axis; alignment of the mitotic spindle along the apico-basal polarity axis; 

asymmetric localization of cell fate determinats; and finally, segregation of  these 

determinants into the dividing NB (Homem and Knoblich 2012) (Fig. 1.4).  

Apico-basal polarity is established during early prophase with the formation of the 

apical Par complex, which is composed by Bazooka in flies (Baz; Partitioning 

defective 3, Par-3 in vertebrates), Partitioning defective 6 (Par-6) and atypical 

Protein Kinase C (aPKC) (Gallaud, Pham, and Cabernard 2017; Petronczki and 

Knoblich 2000; Schober, Schaefer, and Knoblich 1999a; Wodarz et al. 1999a, 

2000). When a NB delaminates from the epithelium, it maintains contact with the 

surrounding epithelial cells, and the Par complex localization is inherited from this 

contact (Schober et al. 1999a; Wodarz et al. 1999a; Yoshiura, Ohta, and 

Matsuzaki 2012). Polarity axis orientation is then maintained through sequential 

divisions by intrinsic cues like the apically localized centrosome, microtubules 

and the last-born daughter cell (Loyer and Januschke 2018; Rebollo et al. 2007; 

Rebollo, Roldán, and Gonzalez 2009; Rusan and Peifer 2007). 

Once Baz localization has been established and restricted to the apical side of 

the NB, it serves as a platform to recruit other polarity proteins: Par-6 and aPKC 

(Schober et al. 1999a; Wodarz et al. 1999a). Several studies have shown that 

Baz is likely to be the most upstream component of the complex. However there 

is co-dependency between proteins of the Par complex for proper apical 

localization and activity (Rodriguez et al. 2017; Rolls et al. 2003). The Rho 

GTPase Cdc42 also plays a key role, since it is required for the cortical 

localization of both aPKC and Par-6 (Atwood et al. 2007; Loyer and Januschke 

2020).  

Once Baz is localized to the NB apical pole, it triggers the recruitment of the 

machinery that aligns the mitotic spindle with the polarity axis. The conserved key 

players for spindle orientation are Inscuteable (Insc), Partner of Inscuteable 

(Pins; LGN in vertebrates), the heterotrimeric G-protein alpha subunit (Gαi), and 
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Mushroom body defect (Mud; NuMa in vertebrates) (Kraut et al. 1996; Parmentier 

et al. 2000; Schaefer, A. Shevchenko, et al. 2000a; Schaefer et al. 2001; Schober 

et al. 1999a; Siller, Cabernard, and Doe 2006; Yu et al. 2000a). Insc expression 

starts during neuroblast delamination and in NBs, the protein localizes to the 

apical cell cortex. In the absence of Insc, mitotic spindles in NBs are misoriented 

(Kraut et al. 1996). Insc colocalizes with the Par complex, and its apical 

localization is dependent on binding to both Baz and Pins (Schaefer, A. 

Shevchenko, et al. 2000b; Schober, Schaefer, and Knoblich 1999b; Wodarz et 

al. 1999b; Yu et al. 2000b). Pins is recruited to the apical cortex upon binding of 

Gαi, which induces a conformational change in Pins and allows for further binding 

of Gαi. Pins also recruits Mud to the apical NB cortex (Bowman et al. 2006a; 

Nipper et al. 2007; Siller et al. 2006), and  is essential for proper alignment of the 

spindle to the polarity axis, as pins mutant cells fail to correctly orient the mitotic 

spindle (Schaefer, A. Shevchenko, et al. 2000b; Yu et al. 2000b). Furthermore, 

heterotrimeric G-proteins are involved in directing asymmetric cell division in the 

NB. The G-protein alpha subunit Gαi localizes asymmetrically and it was shown 

that overexpression or depletion in delaminating NBs causes defects in both 

spindle orientation and determinant localization. This suggests that G-proteins 

establish a positional cue at the apical cell cortex during NBs delamination which 

is needed for maintaining apical protein localization and ultimately, for orienting 

asymmetric cell division (Schaefer, A. A. Shevchenko, et al. 2000; Schaefer et al. 

2001).  

Another important component for spindle orientation is Mud, which binds to Pins 

and acts downstream of Insc/Pins/Gαi. In contrast to pins or Gαi, mud mutant 

NBs show a compromised spindle orientation but correct Par complex localization 

(Bowman et al. 2006b; Izumi et al. 2006; Siller et al. 2006). In the end, the forces 

exerted on astral microtubules to position the spindle are thought to be generated 

by cortical Dynein - a microtubule-based motor (Merdes et al. 1996; Wang et al. 

2011). However, a second pathway implicated in spindle orientation involves the 

protein Disc Large 1 (Dlg1), which links Pins to kinesin Khc-73, providing a further 

anchor between the Insc/Pins/Gαi complex and microtubules (Januschke and 

Gonzalez 2010; Johnston et al. 2009; Siegrist and Doe 2005).   
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The activity of the Par complex also controls the basal localization of molecules 

involved in cell fate determination. These include Numb and its binding partner, 

Partner of Numb (Pon), the adaptor protein Miranda (Mira), which binds the fate 

determinants Prospero (Pros; Prox1 in vertebrates) and Brain tumor (Brat; Trim 

in vertebrates) and transports them into the GMC (Doe et al. 1991; Lee et al. 

2006; Lu et al. 1998; Rhyu, Jan, and Jan 1994; Shen, Jan, and Jan 1997). These 

proteins form a crescent at the basal NB cortex at metaphase, and segregate 

asymmetrically into the GMC in telophase. Prospero is a transcription factor that 

induces activation of genes involved in neural differentiation, Numb represses 

Notch signalling, further inhibiting self-renewal in the GMC, while Brat acts as a 

post-transcriptional regulator during embryogenesis (Bello, Reichert, and Hirth 

2006; Choksi et al. 2006; Homem and Knoblich 2012; Lee et al. 2006; 

Schweisguth 2004). Although not essential, Pon assists in the asymmetric 

localization and segregation of Numb (Lu et al. 1998; Wang et al. 2007). Mira 

prevents the fate determinants from entering the NB nucleus by tethering them 

to the basal membrane in mitosis. The mechanism for restricted basal Mira 

localization is not completely clear. It is well established that aPKC inhibits Mira 

from binding the apical plasma membrane via phosphorylation (Atwood and 

Prehoda 2009). Experiments have shown that when aPKC is still inactive in 

interphase, Mira localizes uniformly around the cortex. Mira is then removed from 

the apical cortex as soon as aPKC is recruited and its removal continues in an 

apico-basal direction (Hannaford et al. 2018; Ikeshima-Kataoka et al. 1997; Shen 

et al. 1997). However, aPKC inhibition in metaphase results in only partial loss of 

Mira asymmetry, and Mira keeps being enriched at the basal cortex even after 

prolonged periods of aPKC inhibition (Hannaford et al. 2019). These results 

suggest that while aPKC likely contributes to increased Mira asymmetric 

localization, other mechanisms are required for Mira patterning, possibly 

involving actomyosin networks (Barros, Phelps, and Brand 2003; Loyer and 

Januschke 2020). Once segregated into the GMC, Mira is then degraded and the 

transcription factors it has sequestered at the cortex are then free to enter the 

nucleus (Ikeshima-Kataoka et al. 1997; Shen et al. 1997). 
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Figure 1.4. Polarity establishment and mechanisms in the dividing NB. Baz 
(Par-3 in vertebrates, green) localizes first and defines the NB apical pole. Other 
proteins of the Par complex are recruited via Baz and Cdc42, and restrict fate 
determinants (red) on the basal side of the NB. Baz also recruits the spindle 
orientation machinery (yellow). Adapted from Loyer and Januschke 2020. 
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1.5.2  Mechanisms of asymmetric division. 

Asymmetric cell divisions lead to the formation of daughter cells with distinct fates 

in development. This kind of division has been extensively studied in the first 

embryonic cell division in C. elegans, where asymmetry is established by dynein-

dependent pulling of the spindle towards one of the embryo poles. In this case, 

the spindle displacement leads to unequally sized daughter cells (Gönczy et al. 

1999; Schneider and Bowerman 2003). A different mechanism of asymmetric cell 

division is observed in drosophila sensory organ precursors (SOPs), where 

segregation of proteins in the mother cell can enable directional Delta-Notch 

signalling between daughter cells to establish different fates (Gönczy 2008). 

Finally, other cell types, like C. elegans Q neuroblast lineage and Drosophila 

neuroblasts use Myosin II polarization to establish asymmetry, therefore 

exploiting the generation of asymmetric contractile forces (Ou et al. 2010; Pham 

et al. 2019). 

The first evidence that Myosin plays an important role in Drosophila NBs was 

observed by Barros et al., who showed that Myosin is required for the localization 

of basal fate determinants and that it is asymmetrically localizing in the dividing 

NB (Barros et al. 2003). At metaphase, non-muscle Myosin II (hereafter called 

Myosin) appears uniformly localized around the NB cortex, as it is in mammalian 

cells in mitosis (Chugh and Paluch 2018). However, at the onset of anaphase it is 

cleared asymmetrically from the apical and basal poles of the NB. The molecular 

mechanisms leading to this symmetry-breaking are not completely understood. It is 

known that Myosin localization is not dependent on the spindle, since spindle 

chemical ablation does not compromise apical Myosin relocalization. On the 

contrary, Myosin clears from both poles at the same time in dlg;;pins double mutants, 

leading to NBs dividing symmetrically, indicating that Myosin asymmetrical clearance 

depends on Pins and Dlg (Barros et al. 2003; Cabernard, Prehoda, and Doe 2010). 

Furthermore, a role for Rho kinase (Rok) and Protein Kinase N (Pkn) has been 

proposed in linking Pins to Myosin regulation, since Pins enriches Rok and Pkn at 

the apical NB cortex after nuclear envelope breakdown, and these proteins in turn 

affect Myosin activity through phosphorylation (Tsankova et al. 2017). 
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Shortly after anaphase onset, Myosin asymmetry is immediately visible when one 

images the actomyosin cortex since Myosin clears from the apical cortex, before it 

clears from the basal cortex. As it flows away from cell poles, Myosin becomes 

enriched at the lateral side of the NB cortex, where it pulls on anti-parallel actin 

filaments to induce constriction of the cytokinetic furrow (Roubinet et al. 2017). The 

fact that Myosin is cleared first from the apical side leads to an apical cortical 

expansion, which contributes to the basal positioning of the cleavage furrow (Fig. 

1.5). At mitotic exit, the recruitment of Pebble (Plb; Ect2 in vertebrates), a 

RhoGEF, to the spindle midzone leads to the activation of the small GTPase 

Rho1 (RhoA in vertebrates). This active pool of Rho1 at the plasma membrane 

triggers a cascade of events that leads to the assembly and contraction of a 

cytokinetic actomyosin ring (Basant and Glotzer 2018; D’Avino et al. 2015). The 

contractile ring is connected to both the cell membrane and the central spindle, via 

proteins like Anillin and citron kinase (CIT-K) (Bassi et al. 2011; D’Avino et al. 2015; 

Piekny and Glotzer 2008). Anillin in turn recruits cytoskeletal proteins septins to the 

cleavage site (Field et al. 2005; Liu et al. 2012). NB cleavage furrow is also enriched 

in microtubules, Myosin, actin, Plb, and Rho1. 

Even though Myosin asymmetrical clearance is only dependant on polarity cues, 

spindle cues are necessary for proper constriction of the cytokinetic furrow and 

division completion. Indeed, in experiments where these cues are removed, the 

furrow does not close completely, and division is never completed (Cabernard et al. 

2010; D’Avino et al. 2015). Therefore, proper NB asymmetric division that leads to 

the formation of a big NB and a small GMC can only be carried out when polarity and 

spindle cues are temporarily and spatially coordinated (Connell et al. 2011; Roubinet 

et al. 2017).  
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Figure 1.5. Mechanism of Myosin flow during NB division. Polarity cues 
induce Myosin clearance from the apical NB pole at anaphase onset. This leads 
to a flow of Myosin towards the basal side of the NB. Spindle cues activate Rho1 
which induces Myosin accumulation at the sides of the NB, where the cytokinetic 
furrow starts to form. Cytoplasm is pushed towards the apical side because of the 
asymmetric Myosin flow, and this leads to an apical cortical expansion (blue 
arrows). Lateral Myosin enrichment induces Myosin clearance from the basal 
side, which leads to further accumulation of lateral Myosin. Adapted from 
Roubinet 2017. 
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1.5.3  Relationship between polarity, actin and plasma membrane. 

Recently a more direct link between polarity proteins and the actin cortex of 

dividing NBs has been discovered. Experiments in which NBs were treated with 

Latrunculin show that actin filaments are important for both the initiation and 

maintenance of apical polarity (Hannaford et al. 2018; Oon and Prehoda 2019). 

Furthermore, the actin cytoskeleton is required for Baz polarization, but not for its 

polarity maintenance in early mitosis, while mutations in the actin-binding protein 

Moesin lead to defects in apical polarity maintenance (Abeysundara, Simmonds, 

and Hughes 2018; Oon and Prehoda 2019). Similar results are seen with aPKC. 

In prophase NBs, aPKC appears cytoplasmic (Hannaford et al. 2018). However, 

aPKC appears to accumulate at the apical cortex through cortical flow, which is 

coordinated by an actomyosin network (Oon and Prehoda 2019, 2021). As a 

result, by metaphase aPKC accumulates at the apical pole, where it directs the 

polarization of cell fate determinants, like Miranda, to the basal cortex.   

In some ways, this process appears similar to what is known about cortical 

directional transport of polarity proteins in the C. elegans embryo, where isotropic 

cortical Par complex is polarised as it is transported by a cortical actomyosin flow 

that is triggered by sperm entry. The symmetry is therefore broken, and the Par 

complex accumulates at the anterior pole (Illukkumbura, Bland, and Goehring 

2020; Lang and Munro 2017; Munro, Nance, and Priess 2004). In NBs, however, 

while Myosin II has been implicated in polarization of the basal cortex, it appears 

dispensable for apical polarity (Barros et al. 2003; Hannaford et al. 2018).  

Membrane flows also seem to play a role in cortical polarization of the dividing 

NB. The NB membrane undergoes several phases of movements that may 

explain the movement of aPKC, and that depend on the actomyosin cytoskeleton 

(LaFoya and Prehoda 2021). Again this is similar to polarisation of the C. elegans 

zygote where the polarized distribution of the plasma membrane lipid 

phosphatidylinositol 4,5-bisphosphate (PIP2) is regulated by antero-posterior 

polarity cues. Furthermore, PIP2 and F-actin cortical movements are coupled, and 

PIP2 cortical structure formation and movement is actin-dependent (Scholze et 

al. 2018).  
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These studies outline a new and interesting relationship between the actin 

cytoskeleton, the membrane and cell polarity, showing that more work is needed 

in this area to elucidate the mechanisms that allow recruitment and maintenance 

of polarity in the NB. 

1.5  Aim of the thesis 

The actin nucleator Arp2/3 complex has mostly been studied in interphase 

cellular processes, even though recent studies show a variety of possible roles 

for the complex in different systems. However, it remains to be tested whether or 

not Arp2/3-dependent actin filament formation plays important roles during 

mitosis in asymmetric cell divisions. Drosophila neuroblasts, like other stem cell 

types, are likely to face particular challenges as they divide, due to the necessity 

to repartition different fate determinants to the two daughter cells. Recent studies 

have shown a link between membrane flows, polarity and the actin cytoskeleton, 

but more work is needed to specifically understand the role of the branched actin 

network in this system.  

To do so, in this thesis I aim to: 

1. Explore the consequences of Arp2/3 complex inhibition on the NB cortex 

and membrane. 

2. To determine the mechanisms that polarise Arp2/3 in the dividing 

neuroblast. 

3. To understand the role of Arp2/3 in asymmetric NB division. 
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Chapter 2. 

Materials and methods  
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2.1  Drosophila techniques 

Flies were raised in vials containing standard cornmeal-agar medium (yeast 148 

g/l, sugar 740 g/l, agar 88g/l, Flour/cornmeal 848 g/l, Nipagin 0.0124 % (v/v)) 

supplemented with baker’s yeast. Stocks were maintained at 18°C, 22°C or 25°C, 

while crosses were incubated at 25°C and larvae were grown for 3 days before 

being dissected for live imaging. 

2.1.1 Marking subsets of cells  

Expression of fluorescent proteins and dsRNA were driven using the UAS/GAL4 

system, that derives from yeast and has been adapted for genetic manipulation 

in Drosophila (Brand, Manoukian, and Perrimon 1994). GAL4 is a transcriptional 

activator which specifically recognizes the target UAS motifs. GAL4 expression 

is usually directed by a promoter or enhancer, and GAL4 in turn induces 

expression of genes downstream of UAS sites. GAL4 expression can be tuned 

by coupling it with promoters active in specific tissues or during specific 

developmental phases, allowing the selective expression of downstream targets 

in a wide variety of cell and tissue specific patterns (Brand et al. 1994).  

The model system used in this thesis is the neuroblast, hence most perturbations 

relied on expression driven by the worniu promoter (e.g. worGAL4) which starts 

to be expressed in the neuroectoderm during embryogenesis and is then 

expressed in neuroblasts (Albertson and Doe 2003; Ashraf et al. 1999). In some 

instances the promoter neuralized was also used, which is expressed throughout 

neuroectoderm and then in neuroblasts too (Boulianne et al. 1991; Trylinski and 

Schweisguth 2019). 

An additional approach to fine-tune the system is to use the temporal and regional 

gene expression targeting (TARGET) technique. This technique exploits the 

protein GAL80, which is a repressor of GAL4 and hence binds and prevents 

GAL4 from activating transcription (Caygill and Brand 2016). For this work GAL80 

was expressed ubiquitously under the α-tubulin promoter. 
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2.1.2  Genetic techniques 

In the case of mutations like Arp3EP3640 and Sas4s2214, one line carrying the 

mutation was crossed with a line carrying a chromosomal deletion including the 

gene of interest. Mutant genes or deletions on the second chromosome were 

balanced with Cyo::ActGFP chromosome and the ones on the third chromosome 

were balanced with TM6B, tubby chromosome. Thus, homozygous mutant larvae 

were selected discriminating against GFP fluorescence at the midgut.   

For essential genes, different methods were used to generate mutant tissue or to 

reduce gene function using RNAi in clones in an otherwise wild type animal.  

For RNAi experiments, males from each UAS-dsRNA were crossed with virgin 

females carrying either worGal4, Sqh::GFP, UAS-cherry::Jupiter or worGal4, 

Jupiter::GFP, neur-PLCΔPH::RFP. Crosses were kept at 25°C and dissected for 

live imaging after 4 days. 

To knock-down expression of the Arp2/3 subunit Arp3, I tested two different 

dsRNA by expressing them in the notum using pannier-Gal4, but only one was 

efficient in inhibiting bristle formation (Rajan et al. 2009), therefore all data shown 

in chapter 3 was collected only using this one line (VDRC35260) (Fig. 2.1). 

To generate homozygous mutant scar clones in an otherwise wild type animal, 

the TARGET system was used in combination with the flippase-FRT system. This 

system exploits the activity of the yeast flippase to carry on mitotic recombination 

between chromosomes within a single dividing cell. The mutant allele to be 

recombined must be on a chromosome arm that carries an FRT site close to the 

centromere. This mutant line is then crossed with a line carrying a wild type 

chromosome arm marked by GAL80 carrying the same centromeric FRT site. 

Expression of the flippase in G2 cells induces recombination at the FRT site so 

that, at mitosis, one daughter cell inherits two mutant alleles while its sister 

inherits two copies of the corresponding wildtype alleles together with two copies 

of GAL80.  The mutant cells in the clone can be recognized because, lacking 

GAL80, GAL4 leads to expression of a reporter – in this case, UAS-cherry::Jupiter 

(Xu and Rubin 1993). 
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To generate scar somatic clones, the flippase (FLP) was expressed under the 

heat shock promoter Hsp70 (hs), and was activated when putting the vials with 

larvae at 37°C for 1h in a water bath. The heat shock was performed 2 days after 

the cross had been set up. The cross was the following: 

hsFLPX ; Gal80, FRTII / CyoActGFP ; worGal4, Sqh::GFP, UAS-cherry::JupiterIII 

x 

scarΔ37, FRTII / CyoActGFP 

The second chromosome of both lines was balanced over Cyo::ActGFP. As a 

result, wild type clones express Sqh::GFP, while scar mutant clones express both 

Sqh::GFP and UAS-cherry::Jupiter (Fig. 2.2). To verify that the scarΔ37 allele was 

producing mutant clones, I let some heat shocked larvae grow into adults and 

analyzing their eyes I could observe patches of defective ommatidia, as expected 

(Zallen et al. 2002) in a tissue carrying scarΔ37 mutant clones (Fig. 2.3).  

 

 

Figure 2.1. Expression of arp3 dsRNAs in the notum shows knock-down 
effectiveness. UAS-Arp3-RNAi(III) x pnr-Gal4/TM6C. dsRNA against arp3 were 
tested by expression in the notum via pnr-Gal4, and only VDRC35260 showed 
efficiency in perturbing bristle development. Scale bar: 0.25 mm 
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Figure 2.2. Heat shock leads to expression of the flippase and to the 
formation of scar somatic clones marked in red. The genotype of both brains 
is hsFLP; FRT, scarΔ37 / FRT, GAL80; worGal4, Sqh::GFP, UAS-cherry::Jupiter. 
A. Brain has undergone heat shock and shows scarΔ37 somatic clones. B. Control 
in the absence of heat shock to verify that there is no leakage of flippase 
expression, hence no clones. In white, non-muscle Myosin II expression in 
neuroblasts can be seen due to the Sqh::GFP. 
N brains = 6. Scale bar: 10 µm. 
 
 
 

 

 
Figure 2.3. Expression of the scarΔ37 allele leads to defective ommatidia in 
the adult fly. Expression of the scarΔ37 allele through hsFLP and heat shock 
determines the formation of somatic clones in the adult fly, and results in patches 
of defective ommatidia (arrowheads). No defects were exhibited in wild type 
siblings, which carry Cyo::ActGFP and therefore should not undergo 
recombination following heat shock. Scale bar: 100 µm. 
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2.3  Fly stocks 

 

  

Transgenes Description Source Identifier/origin 

wor-Gal4 
worniu:  

neuroblasts  
specific promoter 

(Albertson and 
Doe 2003) 

FBti0161165 

Sqh::GFP 
Drosophila non-

muscle Myosin II. 
Knock-in 

(Royou, 
Sullivan, and 
Karess 2002) 

FBti0073027 

UAS-cherry::Jupiter 
Microtubule 

reporter 
(Cabernard and 

Doe 2009) 

 
FBtp0040573 

Jupiter::GFP Knock-in 
(Karpova et al. 

2006) 
BDSC6836 

UAS-Arp3::GFP Arp3 reporter 
(Hudson and 

Cooley 2002c) 
BDSC39722 

UAS-Arpc1::GFP Arpc1 reporter 
(Hudson and 

Cooley 2002c) 
BDSC26692 

UAS-SCAR::GFP SCAR reporter  
González-
Gaitán M. 

UAS-WASp::GFP WASp reporter 
(Schäfer et al. 

2007) 
FBtp0055473 

UAS-WASH::GFP Wash reporter  BDSC81640 

tub-Gal80, FRT40A 
GAL4 inhibitor 

expressed under  
α-tubulin promoter 

 BDSC5192 

Ubi-mCherry::Abi 
Abi reporter 

expressed under 
ubiquitin promoter 

 BDSC58729 

neur-PLCΔPH::RFP 

Membrane marker 
expressed under 

neuralized 
promoter 

(Trylinski and 
Schweisguth 

2019) 
FBtp0140211 

UAS-PLCΔPH::GFP Membrane marker 
(Verstreken et 

al. 2009) 
BDSC39693 

UAS-LifeAct::GFP Actin marker  BDSC58718 

sqh-mCherry::GAP43 
Membrane marker 
expressed under 
squash promoter 

(Martin et al. 
2010) 

FBtp0087760 
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Mutants and deletions Description Source Identifier/origin 

Df(3L)Exel6112 arp3 deficiency  BDSC7591 

Arp3EP3640 

arp3 mutant. 
Insertion of 

transposable 
element 

(Rørth 1996) BDSC17149 

Sas4s2214 

sas4 mutant. 
Insertion of 

transposable 
element 

(Basto et al. 
2006) 

BDSC12119 

WashΔ185 
wash mutant. 
Deletion by P-

element excision. 

(Linardopoulou 
et al. 2007) 

BDSC79220 

Wasp3 
wasp mutant. 

Single site 
mutation. 

(Ben-Yaacov 
et al. 2001b) 

BDSC39725 

RodH4.8 rough deal mutant 

(Basto, 

Gomes, and 

Karess 2000) 

Roubinet C. 

SCARΔ37, FRT40A 

scar mutant for 

somatic clones. 

Excision allele. 

(Zallen et al. 

2002) 
BDSC8754 

PinsP62 & PinsP89 pins mutants 
(Yu et al. 

2000c) 
Roubinet C. 

dsRNA target Line Origin 

Arp3 GD12273 VDRC35260 

WASH GD7950 VDRC24642 

SCAR HMS01536 BDSC36121 

WASp GD1559 VDRC13757 
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2.4  Live imaging 

Larvae were dissected with forceps to extract the brains in imaging medium 

(Schneider’s insect medium mixed with 10% FBS (Sigma), 2% PenStrepNeo 

(Sigma), 0.02 mg/mL insulin (Sigma), 20mM L-glutamine (Sigma), 0.04 mg/mL L-

glutathione reduced (Sigma) and 5 μg/mL 20-hydroxyecdysone (Sigma)). Brains 

were then transferred with the medium onto 15μ-slide angiogenesis (Ibidi) and 

imaged.  

When brain dissociation was performed, 20-25 larvae were dissected in Chan & 

Gehring solution 2% FBS (CG-FBS) to extract the brain (Chan and Gehring 

1971). GC-FBS composes as follow: NaCL 3.2 g/l, KCl 3 g/l, CaCl2-2H2O 0.69 

g/l, MgSO4-7H2O 3.7 g/l, Tricine buffer Ph7 1.79 g/l, glucose 3.6 g/l, sucrose 17.1 

g/l, BSA 1g/l and FBS 2%. Papain (Sigma, #P4762-50MG, 10 mg/ml) and 

collagenase (Sigma, #C2674-1G, 10 mg/ml) were added to the brains in CG-FBS 

solutions and they were incubated at 29°C for 45 minutes, to activate the 

enzymes. After incubation, brains were washed with imaging medium and finally 

dissociated through vigorous pipetting. The cells were then transferred with the 

medium onto 15μ-slide 8 well (Ibidi) and imaged.  

For experiments in Chapter 3 and 4, live cell imaging was performed on a 

UltraView Vox spinning disk confocal microscope (Perkin Elmer Nikon TiE; 

Yokogawa CSU-X1 spinning disc scan head) with 60×/1.40 N.A oil objective and 

equipped with a Hamamatsu C9100-13 EMCCD camera, or a 3i spinning disk 

confocal microscope (Zeiss AxioObserver Z1; Yokogawa CSU-W1 spinning disk 

scan head) with 63×/1.40 N.A objective and equipped with a photometrics prime 

95B scientific CMOS camera.  

For most experiments in Chapter 5 or where high-resolution imaging was 

necessary, live imaging was performed on a CSU-W1 SoRa spinning disk 

confocal microscope (Nikon Ti Eclipse 2; Yokogawa CSU-W1 SoRa spinning disk 

scan head) with 60×/1.40 N.A oil objective and equipped with a photometrics 

prime 95B scientific CMOS camera. The SoRa system exploits microlensing the 

emission pinhole to achieve an improved resolution without compromising the 

signal brightness. Furthermore, the sample does not need special preparation 
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like in other super-resolution techniques and the imaging is carried on in the same 

way of any other confocal system (Nikon n.d.).   

Whole brain imaging has been acquired with a z-stack spacing of 1 µm, while 

single cell imaging with a spacing of 0.7 µm. Time resolution was 60 seconds per 

frame, unless specified otherwise. All microscopes are equipped with a 

temperature-controlled environment chamber set at 26° C for the experiments. 

2.5  Drug treatments 

For chemical treatments to inhibit the Arp2/3 complex, the inhibitor CK-666 

(Sigma #SML0006, final concentration 400 μM) or the inactive equivalent 

compound, CK-689 (Sigma #182517, final concentration 400 μM), were added 

before live imaging. To induce actin or microtubules depolymerization, 

respectively Latrunculin B (Sigma #L5288-1MG) at a final concentration of 10 μM 

or colcemid (Sigma #234109-5MG-M) to a final concentration of 0.1 mM were 

added to the media.  

2.6  Image processing and analysis 

All image analysis was carried out on unprocessed raw images. For clarity, 

images displayed in this thesis were processed using ImageJ software 

(Schindelin et al. 2012). Background was removed (rolling ball radius 50 pixel) 

and a Gaussian Blur applied (radius 1). All neuroblasts represented in montages 

come from whole mount brains, unless otherwise stated. As stated in figure 

legends, images represent a single confocal z-stack section or a maximum z-

projection. In all figures, the time point 0 is anaphase onset, defined in this work 

as the first frame where the spindle starts to separate. Figures were assembled 

using Adobe Illustrator CS6. 

To compare the size of NBs and GMCs before and after CK-666 treatment, the 

diameter was chosen as representative measure. Only cells dividing along the 

axis parallel to the field of view, and hence fully visible for the whole division, were 

measured, and a line was drawn from the apical pole (for NBs) or basal pole (for 
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GMCs) membrane to the intersection between the two daughter cells at the time 

of cytokinetic completion.  

Experiments in which cortical PH or Myosin intensity were measured, a line of a 

specific width and length was drawn on the area of interest and the mean pixel 

value was calculated. The data were normalized by subtracting the background 

and were centred at the time 0.  

To calculate the movement of the membrane during cortical expansion, a 

maximum projection of 3 z-slices from the centre of cells dividing along the axis 

parallel to the field of view was generated.  A line was drawn from the centre of 

the spindle to the apical membrane, starting two time-frames before anaphase 

onset. A kymograph was generated from this line, the movement of the 

membrane was traced and the set of coordinates was used to generate the 

curves in the graphs. Coordinates were centred to start at (x=0, y=0). To plot the 

mean, the curves were interpolated in Excel using linear interpolation. 

2.7  Statistical analysis 

For experiments with quantification, the data were collected from at least 2 

independent experiments , and, for each independent experiment, at least 2 brain 

lobes were imaged. For the analysis, “n” refers to the number of cells analysed 

(biological replicates) and “Nreplicas” refers to the amount of time the experiment 

was performed (technical replicates). Both numbers are represented on the 

graphs or mentioned in figure legends.  

Statistical significance was determined with Student’s t test where two groups 

were compared and 2-way ANOVA where more than two groups were compared, 

using GraphPad Prism 9 software. The two variables analysed when the 2-was 

ANOVA was performed were within the following: 

• NB/GMC diameters and condition (like control/treatment) (Fig. 3.3, 3.6D), 

• mitotic intervals and condition (Fig. 3.4, 3.5, 3.6E, 4.1-4.3) 

• Apical/basal cortex and condition (mutant/control) (Fig. 5.13) 
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In all of these cases, a post hoc Tukey’s test was also performed, and single p-

values are reported in figures. The p-values resulted from the 2-way ANOVA are 

not reported, since they are not relevant for the hypothesis testing in place in the 

above cases. In all figures the Prism convention is used: ns (P > 0.05), *(P ≤ 

0.05), **(P ≤ 0.01), ***(P ≤ 0.001) and ****(P ≤ 0.0001). In all graphs showing 

mean, the error bars correspond to standard deviation (SD).  
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Chapter 3. 

Arp2/3 inhibition in the dividing neuroblast leads to 

formation of a membrane protrusion after cytokinesis. 
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3.1  Introduction 

While the actin cortex is known to control the changes in cell shape that 

accompany division, much remains to be discovered about the molecular and 

cellular mechanisms that control cortical remodelling during mitosis. In this first 

chapter I exploit different techniques to inhibit the Arp2/3 complex to explore its 

role in neuroblast divisions. I describe the phenotype induced by Arp2/3 inhibition, 

and investigate a potential role for microtubules in generating the Arp2/3-loss of 

function phenotype. 

3.2  Chemical inhibition of the Arp2/3 complex in the dividing 

neuroblast determines delayed anaphase and cytokinesis and cortical 

defects at cytokinesis. 

In previous work in the lab, Chantal Roubinet observed an effect of the Arp2/3 

inhibitor CK-666 on Drosophila neuroblast (NB) division. CK-666 is a small 

molecule that acts by stabilizing the inactive state of the Arp2/3 complex, 

preventing it from nucleating actin (Hetrick et al. 2013). I decided to use a non-

muscle Myosin II reporter, Sqh::GFP (Myosin from now on) to observe eventual 

defects induced by Arp2/3 inhibition, because this reporter would allow me to see 

if Myosin flows are affected and therefore if establishment of asymmetry is 

affected. Myosin behavior and localization have been previously well 

characterized, making it a good marker to observe changes in NB division. I 

decided to not look at Actin markers first, as I suspected the actin cortex, 

nucleated by Formin, might overshadow any subtle changes in the Arp2/3-

nucleated actin network.      

I therefore used live imaging of larval NBs expressing Sqh::GFP, and a 

microtubule marker, cherry::Jupiter (Fig. 3.1A). In control experiments, untreated 

NBs divide asymmetrically (Fig. 3.1D). This is driven by a basally-directed cortical 

Myosin flow, as Myosin accumulates isotropically around the metaphase cortex, 

is cleared apically in early anaphase, and then cleared from the basal cortex, 

before becoming concentrated at the furrow at cytokinesis (Fig. 3.1A).  
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Since CK-666 is dissolved in DMSO, I used DMSO and an inactive version of the 

small molecule that does not bind the Arp2/3 complex, CK-689 (Nolen et al. 

2009), as additional controls. In both cases, most NB divisions appeared normal, 

and a small percentage of cells exhibited a mild phenotype in which ectopic 

Myosin accumulated after cytokinesis (Fig. 3.1D). In these cases, Myosin spots 

were visible at the basal side of the cell and were associated with a mild 

contraction of the membrane (Fig. 3.1B arrowheads).  
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Figure 3.1. The Arp2/3 complex inhibitor CK-666 induces ectopic Myosin 
accumulation and formation of a cell protrusion after cytokinesis in 
Drosophila NBs. A-C. Genotype: Wor-Gal4, UAS-cherry::Jupiter, Sqh::GFP / 
Cyo.  Time-lapse images of dividing larval NBs expressing a non-muscle Myosin 
II reporter Sqh::GFP (grey) and a microtubule marker cherry::Jupiter (red). A. 
Untreated representative NB going through a normal asymmetric division. B. 
Example of a NB in a brain treated with CK-689 400 μM (inactive version of CK-
666). Arrowheads point to ectopic Myosin accumulation. C. Representative NB in 
a brain treated with the Arp2/3 complex inhibitor CK-666 400 μM. Arrowheads 
point to ectopic Myosin accumulation and membrane protrusion. D. Bar graph 
showing total percentage of NBs with specific phenotype divided by condition. 
Nreplicates=3. ****P<0.0001 (Chi-square test). E. Plot showing phenotype 
occurrence per brain lobe, of brains treated with CK-666 for different amounts of 
time. Nreplicates=3, nbrains=16. Asterisk (*) denotes statistical significance. P ≤ 0.05 
(unpaired t-test). 
Scale bar: 5 µm. Central and error bars: mean and SD.    

 

In brains treated with CK-666, however, I observed a range of more severe 

phenotypes. In 60% of dividing cells (Fig 3.1D) Myosin was observed ectopically 

accumulating at the cell cortex after the completion of cytokinesis. This led to an 

aberrant late constriction of the plasma membrane, which generated a large 

rounded ectopic protrusion (Fig. 1C arrowheads). In all cases, however, the neck 

of the protrusion was never seen closing. Furthermore, the protrusion was always 

forming after abscission had been completed completed (ncells= 20/20). Since the 

drug needs time to penetrate into the brain, I measured the phenotype occurrence 

per brain lobe in brains kept in the drug for different amounts of time (Fig. 3.1E). 

Unsurprisingly, a higher percentage of cells with a phenotype was observed in 

brains imaged 60-120 minutes following exposure to CK-666. 

The initial shape of the protrusion induced by CK-666 treatment appeared very 

similar to that of the nascent GMC at cytokinesis in an untreated NB. This 

observation led me to generate maximum Myosin intensity z-projections of control 

NB (CK-689) and NB treated with CK-666. In these movies, the Myosin ring 

induced by the treatment (Fig. 3.2B) appeared very similar to the cytokinetic ring 

observed at the cleavage furrow in terms of shape, size and dynamics (Fig. 3.2A). 

For this reason, hereafter I refer to the phenotype as “ectopic cleavage furrow”. 
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Figure 3.2. CK-666-induced membrane protrusion at cytokinesis resembles 
a cleavage furrow. Genotype: Wor-Gal4, UAS-cherry::Jupiter, Sqh::GFP / Cyo. 
A. Maximum Myosin intensity projection of a control cell (CK-689, 400 μM) 
undergoing division. The cytokinetic furrow starts forming at 20 seconds and is 
highlighted by a dotted ellipse. B. Maximum Myosin intensity projection of NB 
treated with CK-666 400 μM. The normal furrow is visible at 1 minute and the 
second furrow induced by the treatment is visible at 10 minutes. 
Scale bar: 5 µm.    
 
 

 

Figure 3.3. Dividing NBs treated with CK-666 show a slight increase in size 
at cytokinesis, but not significant change in division asymmetry. A. Plot 
comparing diameters, measured at cytokinesis, of NB and GMC between control 
(DMSO, 1 μl in 250 μl) condition and treatment (CK-666, 400 μM). Schematics 
shows how diameters were measured. Nreplicates = 3. Asterisks denote statistical 
significance. *P ≤ 0.05, **P ≤ 0.01 (Tukey’s multiple comparison test). B. Plot 
comparing NB and GMC diameters’ ratio between control and treatment 
conditions. ns, not significant. P > 0.05 (unpaired t-test). 
Central and error bars: mean and SD.    
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Since CK-666 treatment seems to affect cell shape, I decided to examine the 

relative sizes of NB and GMC pairs following the inhibition of the Arp2/3 complex. 

To do so, I measured the diameter of NBs and GMCs and calculated the ratio 

between the two at the time of cytokinesis. I found that the size of both NBs and 

GMCs significantly increases in treated cells relative to the control (Fig. 3.3A), 

while NB/GMC ratio does not change significantly (Fig. 3.3B).      

Furthermore, I noticed that the time to complete division was longer in CK-666 

treated cells, so I decided to measure the timing of specific phases of mitotic 

progression to asses if this delay was limited to a specific interval or was 

consistent throughout division. The schematic in figure 3.4A shows how mitosis 

was divided up into distinct time periods: nuclear envelope breakdown (NEB); 

elongation of the spindle; the constriction of the cleavage furrow; and nuclear 

envelope reformation (NER).  

Since I acquired some of the time-lapse movies with a temporal resolution of a 

frame every 20s (frame/sec) and others with a frame/60s interval, I first verified 

that the different imaging protocols did not alter the results. By comparing 

untreated cells imaged every 20 seconds, with ones imaged every 60 seconds, I 

found no significant difference in the timing of events even though the mean value 

for the A-B interval was slightly longer in the frame/60sec group, possibly due to 

the fact that lower temporal resolution leads to time overestimation (Fig. 3.4B). I 

then proceeded to compare the timing of different mitotic phases between control 

(CK-689) and CK-666 treated cells using imaging with resolution of a 

frame/60sec. The analysis reveals that inhibiting Arp2/3 induces a significant 

delay between NEB and cytokinesis, that is in time intervals A-B and B-C, but 

does not affect the length of the interval C-D (Fig. 3.4C). The fact that not all 

mitotic intervals were delayed in the same way suggests that inhibiting Arp2/3 

has a specific effect on some processes at metaphase and/or cytokinesis and 

that the delay measured is unlikely to result from generalized stress in dividing 

NBs.  
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Figure 3.4. CK-666 treatment affects the length of mitotic phases in dividing 
NBs. A. Schematics showing how mitosis was divided up to calculate time 
intervals: nuclear envelope breakdown (A), elongation of the spindle (B), 
constriction of the cleavage furrow (C), and nuclear envelope reformation (D). B. 
Graph comparing imaging temporal resolutions of one frame every 20 seconds 
(frame/20sec) or every 60 seconds (frame/60sec) in untreated cells. Nreplicates = 
2. C. Plot comparing length of mitotic intervals between different conditions with 
a temporal resolution of frame/60sec. Both CK-689 and CK-666 were used at a 
concentration of 400 μM. Nreplicates = 3. Asterisks denote statistical significance. 
ns, not significant P > 0.05, *P ≤ 0.05, and ****P ≤ 0.0001 (Tukey’s multiple 
comparison test).  
Central and error bars: mean and SD.    
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3.3  Genetic loss of function experiments confirm ectopic cleavage 

furrow and mitotic delay in dividing NBs lacking Arp2/3 complex 

activity. 

To confirm the specificity of the ectopic cleavage furrow and other phenotypes 

seen following chemical inhibition of the Arp2/3 complex, I next exploited RNA 

interference (RNAi) to test the effects of knocking-down expression of the Arp3 

subunit of the complex. To express the dsRNA I used the UAS/GAL4 system. 

GAL4 was expressed from the worniu promoter to restrict it to NB cells in the 

embryo and larval brain. 37% (13/35 cells) of NBs where arp3 knock-down was 

performed exhibited a phenotype resembling an ectopic cleavage furrow similar 

to that observed after CK-666 treatment (Fig. 3.5A, arrowheads). As before, 

ectopic Myosin accumulation was found to precede membrane contraction (Fig. 

3.5A, top panel, arrowheads). However, the protrusion phenotype was less 

severe than that observed after CK-666 treatment, and was not accompanied by 

formation of a clear Myosin ring. Furthermore, some cells exhibited an apical bleb 

(6/35 cells, Fig. 3.5A, bottom panel). In these cases, ectopic Myosin was not 

observed prior to the formation of the apical protrusion, and the temporal 

dynamics of this cortical defect were different in that the protrusion both appeared 

and disappeared before the formation of the ectopic cleavage furrow (Fig. 3.5A, 

bottom panel).  

I also measured the time interval between mitotic phases in wild type (WT) and 

Arp3 knock-down (arp3 RNAi) NBs. As observed following CK-666 treatment, 

there was a significant difference in the duration of A-B and B-C, but not the 

interval C-D (Fig. 3.5B), when comparing control and knock-down conditions. 

These data confirm the hypothesis that inhibition of the Arp2/3 complex both 

induces an ectopic cleavage furrow in dividing NBs, and delays earlier mitotic 

phases. 
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Figure 3.5. Arp3 inhibition through RNAi leads to the formation of an 
ectopic cleavage furrow at cytokinesis in dividing NBs. A. Genotype: Wor-
Gal4, UAS-cherry::Jupiter, Sqh::GFP / Cyo x UAS-RNAi. Time-lapse images of a 
dividing NB in which Arp3 was silenced using RNAi, expressing the Myosin 
marker, Sqh::GFP (grey) and the microtubule marker, cherry::Jupiter (red). Panel 
on top shows example of a NB with ectopic cleavage furrow. Ectopic Myosin 
(6:15, arrowheads) precedes membrane contraction (7:30, arrowheads). Bottom 
panel shows the formation of an apical bleb following Arp3 knock-down. The 
GMC is not visible in the bottom panel because of the plane of division relative to 
the imaging plane. B. Plot comparing mitotic intervals between wild type cells 
(WT) and Arp3 knock-down cells (arp3 RNAi). Intervals are: NEB-anaphase (A-
B), anaphase-cytokinesis (B-C), cytokinesis-NER (C-D). Nreplicates = 2. Asterisks 
denote statistical significance. ns, not significant P > 0.05, **P ≤ 0.01, ***P ≤ 0.001 
(Tukey’s multiple comparison test).  
Scale bar: 5 µm. Central and error bars: mean and SD.    
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In the absence of a working antibody against Arp3, it is hard to know if the dsRNA 

is effective at reducing expression. To overcome these problems and further 

validate the phenotype, I decided to use the arp3EP3640 mutant. This allele was 

generated by transposable element insertion (Rørth 1996) and was previously 

mapped and used to generate an amorphic phenotype in homozygous mutant 

embryos (Hudson and Cooley 2002d; Zallen et al. 2002). I crossed this mutant 

line with a line carrying the deficiency Df(3L)Exel6112 and I imaged control 

(arp3/TM6B)  and mutant (arp3/Def)  cells. Around 50% of mutant cells exhibited 

an ectopic cleavage furrow at cytokinesis (Fig. 3.6A, arrowheads; Fig. 3.6B). High 

resolution imaging of mutant cells showed a less severe ectopic cleavage furrow 

(Fig. 3.6C, arrowheads) compared to the one observed with chemical inhibition 

of Arp2/3. The phenotype overall was more similar to that observed using dsRNA 

mediated Arp3 knock-down (Fig. 3.5A).  

Confusingly, arp3 mutant cells were smaller than the heterozygous control cells 

(Fig. 3.6D), instead of bigger, as seen after CK-666 treatment (Fig. 3.3A). This 

suggests that cell size might be influenced by other factors, e.g. the surrounding 

tissue, not just Arp2/3. Finally, the change in the timing of mitotic phases 

observed in the mutant was consistent with previous results: both NEB-anaphase 

and anaphase-cytokinesis intervals took longer in arp3 mutant cells compared to 

control cells, even though only NEB-anaphase delay was statistically significant 

(Fig. 3.6E).  

These experiments confirm that inhibiting the Arp2/3 complex in NBs leads to 

cortical defects at cytokinesis, affects cell size, and delays metaphase-anaphase. 

Together they strongly suggest that the Arp2/3 complex has a role in regulating 

proper cell division in the NB. 
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Figure 3.6. arp3 mutant cells display an ectopic cleavage furrow at 

cytokinesis, altered cell sizes and delayed mitosis. A. Genotype: Wor-Gal4, 

UAS-cherry::Jupiter, Sqh::GFP / Cyo; arp3EP3640 /TM6B x Df(3L)Exel6112/TM6B. 

Time-lapse images of control (heterozygous arp3/TM6B) and arp3 mutant (arp3 

mutant over deficiency Df(3L)Exel6112, arp3/Def) cells expressing a Myosin 

marker (Sqh::GFP, grey) and a microtubule marker (cherry::Jupiter, red). 

Arrowheads point to membrane constriction during ectopic cleavage furrow 

formation at cytokinesis in mutant cells. B. Plot showing percentage of cells with 

phenotype in control and mutant. C. High resolution imaging shows ectopic 

Myosin localization and cortical defects (arrowheads) in an arp3 mutant cell. D. 

Plot showing diameter length of NB and GMC in the two conditions. Nreplicates = 2. 

E. Graph showing time of mitotic intervals between the two conditions. Nreplicates = 

2. Asterisks denote statistical significance. ns, not significant P > 0.05, ***P ≤ 

0.001 and ****P ≤ 0.0001 (Tukey’s multiple comparison test). Scale bar: 5 µm. 

Central and error bars: mean and SD.     



   

 

  57 
 

3.4  Microtubules are not involved in the formation of the ectopic 

cleavage furrow.   

The spindle assembly checkpoint monitors defects and delays progress through 

division when there are problems with the spindle (Lara-Gonzalez, Westhorpe, 

and Taylor 2012). Since I observed a delay in mitosis starting from anaphase 

following the Arp2/3 inhibition and noticed an abnormal spindle in some CK-666 

treated cells, I wanted to better observe spindle dynamics in cells with reduced 

levels of Arp2/3 activity. To do so, I used a line that expresses endogenous 

Jupiter tagged to GFP to image microtubules, in place of the transgene used in 

previous movies. I then carried on high resolution imaging of single NBs after CK-

666 treatment. These time-lapses revealed significant spindle defects long before 

ectopic cleavage furrow (Fig. 3.7A-B). Microtubules were seen outside of the 

spindle in anaphase (Fig. 3.7B, 1:00-3:00, arrowheads), where they contacted 

the part of the cell cortex where the ectopic cleavage furrow later formed (Fig. 

3.7B, 7:00-11:00, arrowheads). This accumulation of cortical microtubules at 

telophase was seen in around 70% of the cells treated with CK-666 imaged and 

analysed for this experiment (Fig. 3.7C). Of this group, 64% exhibited clear 

spindle defects at metaphase/anaphase (Fig. 3.7B, C), while 100% of control 

cells appeared normal throughout. These data suggest that spindle defects at 

metaphase/anaphase precede the mislocalization of microtubules at telophase, 

which are at the right place and time to contribute to the formation of the ectopic 

cleavage furrow.   
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Figure 3.7. Arp2/3 inhibition by CK-666 leads to early spindle defects and 
microtubules mislocalizing at the cell cortex. A-B. Genotype: 
Jupiter::GFP(III). High resolution imaging of control (CK-689, 400 μM) (A) and 
CK-666 treated (400 μM) (B) NBs, expressing microtubule marker Jupiter::GFP, 
where endogenous Jupiter is tagged with fluorescent protein. This allows higher 
resolution microtubule imaging. C. Graph showing percentages of CK-666 
treated cells that present both displaced microtubules (MT) at metaphase and at 
the membrane at telophase. Pie on the left shows the percentage of NBs showing 
microtubules at the cortex at cytokinesis, and pie on the right shows the 
percentage of cells within this group that also shows spindle defects. N/A (not 
applicable) means cells in which was not clear if misplaced microtubules were 
present or not. No control cells (n=15) show microtubules or spindle defects. 
Nreplicates = 2. Scale bar: 5 µm.    
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At this point, to better understand the potential role of microtubules in the 

formation of the ectopic cleavage furrow, I decided to test whether the 

centrosomal microtubules were responsible for the observed cortical defects by 

seeing if removing the centrosomes would rescue the phenotype. To do so, I 

decided to exploit the sas4s2214 mutant (Basto et al. 2006). Sas4 protein is 

essential for centrioles replication, even though most sas4 mutant cells still divide 

asymmetrically (Basto et al. 2006). In line with the published data, in my hands 

≈70% of sas4 mutant cells divided asymmetrically (Fig. 3.8A, D), ≈20% divided 

symmetrically (Fig. 3.8B, D) and 10% did not complete cytokinesis (Fig. 3.8D). 

The subset of NBs that divided symmetrically did so because of a misalignment 

of the spindle and the polarity axis. In these cells it was possible to see from the 

montage that Myosin starts to be cleared from the bottom right of the cell in 

metaphase (Fig. 3.8B, arrowhead), while the plane of division was determined by 

the apico-basal direction of the spindle.  

To test if removing the centrosomes would rescue the ectopic cleavage furrow in 

cells where Arp2/3 is inhibited, I treated sas4 mutant brains with CK-666. 

Strikingly, the sas4 mutation enhanced the incidence of ectopic cleavage furrow 

formation. About 90% of treated sas4-/- cells exhibited a cortical phenotype (Fig. 

3.8D) in which ectopic Myosin accumulated at cytokinesis leading to the formation 

of an ectopic cleavage furrow soon after (Fig 3.8C arrowheads). Therefore, 

contrary to my initial expectations, this experiment indicated that centrosomes 

are not required for the formation of the ectopic cleavage furrow in NBs where 

Arp2/3 is inhibited.  
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Figure 3.8. The absence of centrosomes in CK-666 treated NBs increases 
the occurrence of the ectopic cleavage furrow. A-C. Genotype: Wor-Gal4, 
UAS-cherry::Jupiter, Sqh::GFP / Cyo; sas4s2214/TM6B. Live imaging of sas4s2214 
mutant cells, expressing Myosin marker (Sqh::GFP, grey) and microtubule 
marker (cherry::Jupiter, red). A. Example of sas4 mutant cell that divides 
asymmetrically. B. Example of sas4 mutant cell that divides symmetrically. 
Arrowhead points to Myosin clearance being mis-aligned from spindle axis. C. 
Example of sas4 mutant cell treated with CK-666 (400 μM). Arrowheads point to 
ectopic cleavage furrow. D. Graph showing percentages of cells with various 
phenotypes, between sas4-/- and sas4-/- + CK-666 treatment. Nreplicates = 2. 
****P<0.0001 (Chi-sqaure test).   
Scale bar: 5µm. 
 
 
 
 
 

 

Figure 3.9. Colcemid inhibition of all microtubules does not rescue the 
ectopic cleavage furrow in CK-666 treated NBs. A-B. Genotype: Wor-Gal4, 
UAS-cherry::Jupiter, Sqh::GFP / Cyo; rod/TM6B Live imaging of rod mutant cells 
treated with colcemid, and expressing Myosin marker (Sqh::GFP, grey) and 
microtubule marker (cherry::Jupiter, red). Colcemid treatment (0.1 mM) leads to 
inhibition of all microtubules, and rod mutation allows to bypass the spindle-
assembly checkpoint. A. Arrowhead shows example of cortical defects in control 
cells. (5/10 cells show cortical defects). B. CK-666 treatment (400 μM) on cells 
where microtubules are inhibited (6/6 cells show phenotype). Arrowheads point 
to ectopic cleavage furrow. Nreplicates = 2. 
Scale bar: 5 µm.   
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Finally, to test if microtubules are required for the formation of the ectopic 

cleavage furrow in NBs where Arp2/3 is inhibited, I decided to see if the 

phenotype would be rescued by the removal of all microtubules. To do so, I 

performed live imaging of NBs in which microtubules were depolymerised using 

colcemid in flies carrying a mutation in rough deal (rod) to bypass the spindle-

assembly checkpoint (Basto et al. 2000; Brinkley, Stubblefield, and Hsu 1967; 

Cabernard et al. 2010). Mutant rod cells treated with colcemid completely lack 

microtubules, but still enter anaphase. However, cytokinesis is never completed, 

since the spindle is required for proper constriction of the acto-myosin ring, and 

some of these cells exhibited cortical defects at various phases of division (Fig. 

3.9A, arrowhead). When these cells were treated with CK-666 they showed 

severe membrane deformations at cytokinesis (Fig. 3.9B, arrowheads). Thus, the 

ectopic cleavage furrow is not rescued by complete ablation of microtubules. This 

implies that the microtubule defects observed at metaphase in cells compromised 

for Arp2/3 function are not the cause of the ectopic cleavage furrow, but are 

another consequence of the Arp2/3 complex inhibition.    

3.5  Conclusion 

With this work I have shown that both chemical and genetical inhibition of the 

Arp2/3 complex lead to the formation of an ectopic cleavage furrow after 

cytokinesis, to abnormal cell size and to a delay of metpahse-anaphase. These 

data suggest that even though the most obvious loss of function Arp2/3 

phenotype arises at the end of cell division, Arp2/3 might function much earlier in 

mitosis. 

In the second part of this Chapter I showed that in cells treated with the Arp2/3 

inhibitor, spindle microtubules are mislocalized in metaphase and are found at 

the cortex at cytokinesis. While this suggested that defects in the spindle might 

cause ectopic cleavage furrow formation, removing the centrosomes or all 

microtubules did not rescue the phenotype. Instead, it only increased the 

occurrence of the ectopic cleavage furrow. These results strongly indicates that 

the ectopic cleavage furrow might be a secondary consequence of defects that 

arise when Arp2/3 is compromised earlier in mitosis. 
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Chapter 4. 

SCAR is the main Arp2/3 activator during NB division. 
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4.1  Introduction 

To clarify the role of the Arp2/3 complex in dividing NBs and to try to understand 

the cause of the phenotypes induced by Arp2/3 inhibition, I decided to carry on a 

screen for the nucleation promoting factors (NPFs) of Arp2/3. Different NPFs are 

active in different pathways and in different subcellular localizations. Finding the 

right NPF would allow to understand more clearly the context of Arp2/3 

localization and activity.  

In this chapter, focusing on WASH, SCAR and WASp, I present a screen that 

exploited RNA interference (RNAi), mutants and protein localization. 

4.2  RNAi and mutants screen points to SCAR as best candidate for 

Arp2/3 activation in dividing NBs. 

For the RNAi screen, I crossed virgin females of the wor-GAL4 driver line, that 

was also carrying the Myosin marker Sqh::GFP and the microtubule marker 

cherry::Jupiter, with males carrying the dsRNAs for each of the NPFs: WASH, 

SCAR and WASp. Since the microtubule marker is also expressed via the 

UAS/GAL4 system, it can be used as a control for GAL4-induced expression: 

only cells showing red signal will be expressing dsRNAs. 

The RNAi screen showed that both WASH and SCAR are good candidates as 

Arp2/3 activators in the dividing NB, as in both experiments knock-down (KD) 

cells presented an ectopic cleavage furrow. In particular, when WASH was 

knocked-down, 47% of NBs (13/38 cells) had an ectopic cleavage furrow (Fig. 

4.1 top panel, arrowheads) and 13% (4/38) exhibited an apical bleb (Fig. 4.1, 

bottom panel, arrowheads). In cells in which SCAR expression was silenced, 44% 

(8/18 cells) exhibited an ectopic cleavage furrow (Fig. 4.2 top panel, arrowheads) 

and 11% (2/18 cells) had an apical bleb (Fig. 4.2 bottom panel, arrowheads). 

Importantly, both phenotypes had features like those seen in CK-666 treated and 

Arp3-KD cells (Fig. 3.1C, 3.5A). Mitotic interval length also appears similar to 

previous experiments where Arp2/3 was inhibited. Indeed, in both WASH (Fig. 

4.1B) and SCAR (Fig. 4.2B) knock-down cells, intervals A-B and B-C are 

significantly longer compared to control, while interval C-D is unaffected. 
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Figure 4.1. Inhibition of WASH activity through RNAi leads to ectopic 
cleavage furrow formation, and to a delay in mitotic progression in dividing 
NBs. A. Wor-Gal4, UAS-cherry::Jupiter, Sqh::GFP / Cyo x UAS-RNAi. 
Representative time-lapse images of dividing WASH-KD NB, expressing the 
Myosin marker Sqh::GFP in grey, and the microtubule marker cherry::Jupiter in 
red. Panel on top shows example of ectopic cleavage furrow (arrowheads). 
Bottom panel shows example of an apical bleb (arrowheads). GMC is not visible 
in bottom panel because of cell inclination. B. Plot showing time interval between 
mitotic phases in wild type (WT) cells and WASH RNAi cells. Intervals are: NEB-
anaphase (A-B), anaphase-cytokinesis (B-C), cytokinesis-NER (C-D). Nreplicates = 
2. Asterisks denote statistical significance. ns, not significant P > 0.05, and ****P 
≤ 0.0001 (Tukey’s multiple comparison test). 
Scale bars: 5 µm. Central and error bars: mean and SD.    
 
 

 

By contrast, when WASp was inhibited by RNAi in NBs a different kind of 

phenotype was observed in 19.5% of cells (16/82 cells). Ectopic Myosin and 

membrane contraction appeared after cytokinesis on the basal side of the newly 

formed NB and then moved towards the apical pole (Fig. 4.4A, arrowheads). In 

this case, I did not observe apical blebs. When measuring the time interval 

between mitotic phases, only B-C was found to be significantly delayed compared 

to control conditions, while there was no significant difference in the duration of 

A-B or C-D (Fig. 4.3B). 
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Figure 4.2. Inhibition of SCAR activity through RNAi leads to ectopic 
cleavage furrow formation, and to delayed passage through mitosis in 
dividing NBs. A. Wor-Gal4, UAS-cherry::Jupiter, Sqh::GFP / Cyo x UAS-RNAi.  
Representative time-lapse images of dividing SCAR-KD NB, expressing Myosin 
marker Sqh::GFP in grey, and microtubule marker cherry::Jupiter in red. Panel 
on top shows example of ectopic cleavage furrow (arrowheads). Bottom panel 
shows example of an apical bleb (arrowheads). B. Plot showing time interval 
between mitotic phases in wild type (WT) cells and SCAR knock down cells (scar 
RNAi). Intervals are: NEB-anaphase (A-B), anaphase-cytokinesis (B-C), 
cytokinesis-NER (C-D). Nreplicates = 2. Asterisks denote statistical significance. ns, 
not significant P > 0.05, **P ≤ 0.01 and ****P ≤ 0.0001 (Tukey’s multiple 
comparison test). 
Scale bars: 5 µm. Central and error bars: mean and SD.    
  
 

 

The RNAi screen shows that inhibiting WASp determines a very different 

phenotype than what observed after CK-666 inhibition of Arp2/3 and arp3 mutant 

and RNAi experiment, while both SCAR and WASH seems to be good candidates 

as Arp2/3 activators in the context of NB mitosis. Given the problems that can 

arise with RNAi, which include off-target RNA silencing and other non-specific 

effects, it was important to retest the role of the NPFs using mutants. 
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Figure 4.3. Inhibiting WASp through RNAi leads to the formation of a ring 
of Myosin that slides from the basal side of the cell to the apical side of the 
newly formed NB. A.  Wor-Gal4, UAS-cherry::Jupiter, Sqh::GFP / Cyo x UAS-
RNAi. Representative time-lapse images of a dividing WASp-KD NB, expressing 
a Myosin marker, Sqh::GFP, in grey, and a microtubules marker, cherry::Jupiter, 
in red. Panel shows an example of a cell with phenotype induced by KD of WASp: 
ectopic Myosin and membrane contraction appears at the same time (7:00, 
arrowheads), and “slide” from the basal to the apical side of the NB (9:00-16:00). 
B. Plot showing time interval between mitotic phases in wild type (WT) cells and 
WASp knock down cells (wasp RNAi). Intervals are: NEB-anaphase (A-B), 
anaphase-cytokinesis (B-C), cytokinesis-NER (C-D). Nreplicates = 2. Asterisks 
denote statistical significance. ns, not significant P > 0.05, and ****P ≤ 0.0001 
(Tukey’s multiple comparison test). 
Scale bars: 5 µm.  Central and error bars: mean and SD.    

 

Since washΔ185 and wasp3 mutations are not lethal, mutant lines could be crossed 

with lines carrying chromosomal deletions and larvae grown up until the time of 

imaging. Neither of these mutants exhibited a phenotype similar to the one 

observed in cells with reduced Arp2/3 activity (data not shown). This implies that 

the RNAi phenotype was not specific. 

By contrast, the scarΔ37 null mutant is lethal. Therefore, to image mutant scar cells 

I had to exploit mitotic recombination in the formation of somatic clones. With this 

technique, it is possible to induce the formation of mutant clones surrounded by 

wild type cells, where the clones are marked by fluorescent protein expression 

and so become distinguishable from wild type tissue. For this work, recombination 

was induced by heat shock, and clones containing two copies of the mutant 
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chromosome were marked by the expression of UAS-cherry::Jupiter, as a 

consequence of the loss of GAL80. Wild type cells instead expressed a copy of 

scar mutation and the GAL80, which inhibits UAS-cherry::Jupiter. When the time-

lapses were analysed, it was possible to see that a small percentage of control 

cells were affected by cortical defects, possibly due to the heat shock toxicity, but 

most of them divided normally (Fig. 4.4A-B). On the other hand, homozygous 

scar mutant clones exhibited penetrant cortical defects and blebs during 

cytokinesis (Fig. 4.4A-B, arrowheads). High resolution imaging with the SoRa 

microscope of scar clones revealed that these cells form ectopic protrusions that 

are less severe than the ones observed with Arp2/3 chemical inhibition (Fig. 4.4C, 

arrowheads); perhaps because there is some redundancy with WASP and 

WASH. Nevertheless, the phenotype was similar to that observed in cells 

depleted for Arp3 and in the SCAR RNAi experiment. 

 

 

Figure 4.4. scar mutant clones exhibit cortical defects at cytokinesis. A. 
Genotype: see Methods. Live imaging of heat shocked larval brains. Control cells 
only express Myosin marker Sqh::GFP in grey, and are therefore wild type. 
scarΔ37 somatic clones are recognizable because of expression of microtubule 
marker UAS-cherry::Jupiter, in red, on top of a Myosin marker. Representative 
images show control and mutant cells over time. Arrowheads point to blebbing 
and cortical defects in the mutant. B. Plot showing percentage of phenotype 
occurrence in representative control and scar-/- somatic clones. Nreplicates = 3. 
ncontrol = 41, nscar clones = 15. C. High resolution imaging of scar mutant cell from a 
clone, where arrowheads show ectopic Myosin and membrane contraction at 
cytokinesis in dividing NB. Scale bar: 5 µm. 
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4.3  SCAR localises preferentially at the apical side of mitotic NBs. 

To better understand which of the NPFs is regulating Arp2/3 in the dividing NB, I 

decided to look at protein localization, beginning with the Arp2/3 complex itself. I 

first looked at two subunits of the Arp2/3 complex, Arp3 and ArpC1, both labelled 

with GFP and expressed under the UAS promoter. I therefore used the 

UAS/GAL4 system to drive the expression of the transgenes in NBs.  

Movies were then taken in intact brains. In both instances, a similar dynamic 

localisation was observed. As expected for an abundant complex, there was a 

high cytoplasmic signal. This made it hard to observe any local cortical signals in 

either case.  

 

 

Figure 4.5. Fluorescently tagged Arp2/3 subunits Arp3 and ArpC1 localize 
at the cortex, and at the cytokinetic furrow of dividing NBs. A. Genotype: 
Wor-Gal4, UAS-cherry::Jupiter/Cyo x UAS-Arp3/C1::GFP. Confocal imaging of 
lines expressing UAS-Arp3::GFP and UAS-ArpC1::GFP. Expression is driven by 
wor-GAL4. Arrowheads point to fluorescent signal at the cytokinetic furrow. B. 
High resolution imaging of line expressing Arp3::GFP and microtubule marker 
cherry::Jupiter. Arrowheads reveal Arp3 puncta at the cortex in metaphase and 
at the furrow at cytokinesis. Scale bar: 5 µm.  
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Nevertheless, montages from this experiment show that for both subunits of the 

complex, there was a strong accumulation of fluorescent signal at telophase at 

the cytokinetic furrow, which peaked as cells divided (Fig. 4.5A, arrowheads). 

Later, I confirmed these results using the SoRa spinning disc confocal 

microscope for imaging at a higher spatial resolution of Arp3::GFP. In this case, 

Arp2/3 puncta were visible. Again, while some signal was visible at the cortex in 

metaphase, the most intense signal was observed at the furrow at cytokinesis 

(Figure 4.5B).  

To assess the relationship between the NPFs and the Arp2/3 complex I then 

looked at the localization of WASH, SCAR and WASp. Interestingly, SCAR 

localized to the furrow starting from telophase until the end of cytokinesis, like the 

Arp2/3 complex (Fig. 4.6A, arrowheads). WASp did not seem enriched at any 

particular region of dividing NBs (Fig. 4.6C), and WASH was visible in 

cytoplasmic spots in interphase, which are likely to be endosomal (Derivery et al. 

2009), but otherwise did not seem to localize in any specific region during mitosis 

(Fig. 4.6B, arrowhead).  

These experiments show that SCAR and Arp2/3 both localize at the cytokinetic 

furrow during NB division, suggesting that SCAR is likely to be the dominant 

Arp2/3 activator during mitosis. Since SoRa high resolution imaging revealed 

details of Arp2/3 localization that could not be seen on a regular confocal, I 

decided to perform the same experiment on SCAR too.  

Using this approach, SCAR appeared to localize asymmetrically at the apical side 

of the cell in metaphase in larval brains. However, because of the signal coming 

from surrounding cells, I could not be sure that this represented an asymmetric 

localization (data not shown). I therefore dissociated brains to look at isolated 

NBs. This experiment revealed that indeed SCAR was asymmetrically localized 

at the apical side of the NB in metaphase (Fig. 4.7, arrowheads). Interestingly the 

protein formed a cap on one side of the NB (Fig. 4.8). When the NB entered 

anaphase, SCAR signal started to disappear from the apical side, and the protein 

pool accumulated at the basal side of the cell, becoming concentrated at the 

cytokinetic furrow, as observed above (Fig. 4.7). 



   

 

  71 
 

 

Figure 4.6. SCAR localizes at the cytokinetic furrow, while WASH and WASp 
do not show specific localization in dividing NBs. Genotype: Wor-Gal4, UAS-
cherry::Jupiter/Cyo x UAS-NPF::GFP. NBs expressing different NPFs transgenes 
through wor-GAL4/UAS system. A. Representative images of a NB expressing 
SCAR::GFP. Arrowheads point to SCAR localization at the cytokinetic furrow. B. 
Representative images of a NB expressing WASp::GFP. C. Representative 
images of a NB expressing WASH::GFP. Arrowhead shows dots of signal in the 
cytoplasm of cell in interphase. 
Scale bar: 5 µm. 
 
 
 

 
 
Figure 4.7. SCAR has a dynamic and polarised pattern of cortical 
localisation in dividing NBs. Genotype: Wor-Gal4, UAS-cherry::Jupiter/Cyo x 
UAS-SCAR::GFP(III). Representative high resolution maximum projections of 
dissociated NB imaging using the SoRa spinning disk, expressing SCAR::GFP 
driven by UAS/wor-GAL4 system. Arrowheads point to SCAR signal at the apical 
side of the NB in metaphase. Mean SCAR signal intensity was acquired by 
drawing a line from apical to basal side of the cortex, like depicted at time -8:00. 
Graphs on the bottom are shown together in graph on the right, where grey 
gradient represents different time points. Scale bar: 5 μm.   
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Figure 4.8. SCAR forms a cap on the apical side of the NB at metaphase. 
Genotype: Wor-Gal4, UAS-cherry::Jupiter/Cyo x UAS-SCAR::GFP(III). Frames 
show rotation of maximum intensity z-projection of isolated NB expressing wor-
GAL4 and UAS-SCAR::GFP imaging using the SoRa spinning disk. 
Scale bar: 5 μm.   
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.9. A second component of the SCAR complex, Abi, localizes at the 
apical side of the NB at metaphase and the furrow at cytokinesis. Genotype: 
Jupiter::GFP x ubi-mCherry::Abi/TM6B. Representative images of NB expressing 
ubi-mCherry::Abi imaged using the SoRa spinning disk. Arrowheads point to Abi 
localization at the apical cortex in metaphase and at the furrow at cytokinesis. 
Mean Abi signal intensity was acquired by drawing a line from apical to basal side 
of the cortex, like depicted at time -4:00, and was plotted in graphs on the bottom.  
Scale bar: 5 μm.   
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SCAR is part of a multiprotein complex. Thus, to validate these findings I verified 

the localization of the complex using a second component, Abi (Eden et al. 2002; 

Kunda et al. 2003) expressed from the ubi promoter. Again using this line, I was 

able to observe the accumulation of a fluorescent signal at the apical side of the 

NB in metaphase, and at the furrow in cytokinesis (Fig. 4.9, arrowheads). Thus, 

both Abi and SCAR appear to have a very similar dynamic pattern of localisation 

in mitosis (Fig. 4.7).  

4.4  Conclusion 

In this chapter I have used a combination of RNAi, mutants and GFP-tagged 

protein localisation to test the roles of SCAR, WASH and WASP in the formation 

of cortical defects observed following Arp2/3 complex inhibition. While RNAi of 

both SCAR and WASH led to cortical instability and to a delay in mitosis in 

dividing NBs, only scar mutant cells had a similar range of cortical defects, 

resembling those observed following treatment with CK-666, in the Arp3 knock-

down and the arp3 mutant. Interestingly SCAR also exhibited an asymmetric 

apical localization in NBs in metaphase, suggesting a role for the Arp2/3/SCAR 

pathway in regulating mitosis at this stage. 
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Chapter 5. 

SCAR/Arp2/3 regulates polar Myosin and plasma 

membrane organization in dividing neuroblasts. 
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5.1   Introduction 

The metaphase-anaphase transition is a critical moment in the division of a NB. 

At this time the cortical expansion of the apical pole and the accompanying basal 

shift in division plane positioning lead to the pronounced asymmetry in cell size 

that characterizes these divisions. In this chapter I describe the temporal 

dynamics of these events, all of which take place in a narrow time-frame, as  non-

muscle Myosin II and SCAR are cleared from the apical side, the plasma 

membrane is remodeled, and the cortex deforms.  

Furthermore, I explore the membrane morphology to understand if Arp2/3 and 

SCAR have a role in forming protrusions. This is because usually these proteins 

are found at the cortex and are involved in the formation of filopodia and 

lamellipodia.  

Building on the work presented in earlier chapters of the thesis, I then explore 

what happens during metaphase-anaphase transition when the SCAR/Arp2/3 

pathway is inhibited.  

5.2   Characterization of apical membrane behaviour in NBs during 

passage through mitosis. 

To image changes in membrane organisation during NB mitosis, I began by using 

the Pleckstrin Homology (PH) domain from the phospholipase CΔ1 (PLCΔ1) that 

interacts with the headgroup of the phosphatidylinositol 4,5-bisphosphate (PIP2) 

(Verstreken et al. 2009) as a probe. This was chosen because it labels the plasma 

membrane, membrane protrusions, but not internal membranes. As previously 

reported (LaFoya and Prehoda 2021; Oon and Prehoda 2019), in prophase cells 

the PH probe labelled small membrane domains that moved slowly towards the 

apical side of the cell (Fig. 5.1A, B), leading to accumulation of PH-rich membrane 

structures in the apical hemisphere. At onset of anaphase, these membrane 

structures reversed their direction of motion, and moved rapidly towards the basal 

side of the cell (Fig. 5.1). Thus, the polarity of membrane flows depends on cell 

cycle stages. 
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Figure 5.1. NBs possess membrane domains that move in a polarised 
direction along the apical-basal cell axis at different stages of mitosis. A. 
Genotype: Wor-Gal4, UAS-cherry::Jupiter/Cyo x L/Cyo ; UAS-
PLCΔPH::GFP/TM6B. Maximum intensity projection of dividing NB expressing a 
membrane marker, PLCΔPH::GFP and a microtubule marker cherry::Jupiter, 
both expressed via UAS/wor-GAL4. The white line indicates the position used to 
generate the kymograph. Insert shows an example of a membrane domain. B. 
Kymograph showing the movement of the plasma membrane (blue) and of a 
more basal PLCΔPH::GFP-rich membrane domain (orange). 
Scale bar: 5 µm. 
 

 

 

The intensity of the PH marker also changed with mitotic progression (Fig. 5.2A, 

B). To see if these changes in the signal were global or local, I decided to 

measure PH intensity at both the apical domain and the lateral membrane of cells 

progressing through mitosis. This analysis revealed a consistent and sustained 

reduction in the intensity of the reporter at the apical membrane as cells transited 

from metaphase into anaphase, while the intensity of the signal in the lateral 

membrane remained unchanged (Fig.5.2C-D). These data suggest that the 

apical flow of PH-rich membranes early in mitosis generates a pool of excess 

membrane present at the apical side of the NB in metaphase, which is removed 

and/or redistributed basally during anaphase. 
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Figure 5.2. Apical levels of PH marker fall following the transition from 
metaphase into anaphase. A. Wor-Gal4, UAS-cherry::Jupiter/Cyo x L/Cyo ; 
UAS-PLCΔPH::GFP/TM6B. Membrane dynamics across a full NB division cycle 
shown as a maximum intensity projection of PH::GFP. Progression though 
mitosis is indicated by microtubule marker cherry::Jupiter. B. Zoom of apical and 
lateral membrane from A. C. Plot that shows PH intensity changes during 
metaphase-anaphase transition in apical and lateral membrane. D. Plot showing 
PH intensity difference between t-120sec and t180sec. Nreplicates = 2. Asterisks (****) 

denote statistical significance. P ≤ 0.0001 (paired t-test).  

Scale bar: 5 µm. Central and error bars: mean and SD. 
 

To validate these dynamics, I used a different confocal spinning disk system, 

called the SoRa, that allows super-resolution imaging without special preparation 

of the sample. For this analysis I imaged dividing NBs expressing the PH::GFP 

reporter and a microtubule marker at higher temporal resolution (20 sec/frame). 

In these movies, when the apical surface of cells was not in contact with overlying 

tissue, filopodia-like membrane structures could be seen forming at the apical cell 

surface at metaphase (Fig. 5.3, Apical insert, -2:00 to 0:40 minutes), which were 

not present instead at the basal side of the cell (Fig. 5.3, Basal inserts). These 

protrusions were 0.7-1 μm in length, started to disappear 1 minute after anaphase 

onset and were completely gone by the end of telophase (Fig. 5.3, 1:00 to 2:20 

minutes), suggesting that they might be absorbed when the apical cell increases 

its size during cortical expansion.  
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Figure 5.3. Dividing NBs exhibit polarized membrane protrusions at 
metaphase, that disappear with cortical expansion following anaphase 
onset. Wor-Gal4, UAS-cherry::Jupiter/Cyo x L/Cyo ; UAS-PLCΔPH::GFP/TM6B. 
Higher resolution imaging of a NB expressing PH::GFP and microtubule marker 
cherry::Jupiter. Apical inserts show portion of apical membrane with filopodia-like 
protrusions in metaphase (-2:00 to 0:40 minutes) and no protrusions in anaphase 
(1:20 to 2:20 minutes). Basal inserts show that the basal side of the NB is devoid 
of membrane protrusions. 
Scale bar: 5 µm.   
 
 
 
 
 

 

Figure 5.4. Membrane marker GAP43 confirms presence of polarized 
membrane protrusions at metaphase. A. Genotype: Wor-Gal4/Cyo ; 
Jupiter::GFP/TM6B x sqh-mCherry::GAP43/TM6B. High resolution imaging of NB 
expressing membrane marker, mCherry::GAP43, driven by sqh promoter. Insert 
shows membrane protrusions at the apical side of the cell in metaphase (-3:00 to 
-1:00). Apical protrusions begin to disappear as cells enter anaphase. B. Graph 
showing GAP43 signal intensity measured in depicted cell.   
Scale bar: 5 µm.   
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To confirm that these observations were not specific to the PH reporter used, I 

imaged NBs expressing another membrane marker, mCherry::GAP43, at high 

spatial resolution (Fig. 5.4A). GAP43 associates with the plasma membrane 

through a fatty acid chain that is added to the protein via palmitoylation (Liu, 

Fisher, and Storm 1994). Once again, I observed membrane protrusions (0.6-0.9 

μm long) on the apical side of the NB at metaphase, that disappear in anaphase 

(Fig. 5.4A, Insert). Furthermore, the apical membrane intensity was seen 

decreasing following the same dynamics as for the PH reporter, while the lateral 

membrane signal remained unchanged (Fig. 5.4B). These data confirm previous 

observations (Fig. 5.2) and show that the polarized protrusions are a 

characteristic feature of the apical membrane independently of the reporter used.  

To test the idea that SCAR nucleates the apical actin-based protrusions, I first 

looked for the presence of actin filaments in apical membrane protrusions. As a 

first approach, I used a construct based on the calponin homology domain (CH) 

of Utrophin, an actin filament binding protein, fused to GFP, which has been 

shown to faithfully report the distribution of F-actin in some tissues (Burkel, Von 

Dassow, and Bement 2007). In this case, however, I was unable to observe apical 

structures, perhaps due to the high brightness of the cortex (data not shown). By 

contrast, I was able to observe apical protrusions at the cortex of metaphase NBs 

(Fig. 5.5, arrowheads) using the LifeAct probe - a small peptide generated from 

another actin binding domain fused to GFP (Riedl et al. 2008). Even though the 

protrusions were more evident when using the PH reporter, there was partial co-

localization of membrane and actin signals. This supports the hypothesis that the 

membrane protrusions are generated by an underlying actin network.  
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Figure 5.5. Actin filaments are visible inside membrane protrusions in NB 
at metaphase. Genotype: Wor-Gal4/Cyo::ActGFP, UAS-PLCΔPH::RFP x UAS-
LifeAct::GFP/Cyo ;; MKRS/TM6B. High resolution live imaging of cells in 
metaphase expressing PH::RFP and LifeAct::GFP, both driven by wor-
GAL4/UAS system. Arrowheads point to membrane protrusions that appear to be 
positive for actin filaments in 3 different cells.  
Scale bar: 5 µm.   
 
 
 

Next, to investigate the relationship between SCAR and membrane protrusions, 

I imaged on the SoRa cells expressing PH::RFP and SCAR::GFP, both driven by 

the wor-GAL4/UAS system. Figure 5.6 shows a representative example of a NB 

in which SCAR and the PH probe colocalize during mitosis. At prophase (-8:00 

minutes), the fluorescent signal was low, and there were few protrusions. At 

metaphase (-2:00 min), numerous SCAR-positive membrane rich protrusions 

were visible decorating the apical surface of NBs. When this was quantified by 

measuring intensity along a line drawn along the apical cell surface, it was clear 

that the peaks of SCAR and PH overlap. At anaphase (1:00 minute), PH signal 

appeared to smooth out, while the SCAR::GFP signal was still visible at puncta 

on the cortex in places that lack protrusions, which could represent inactive 

complexes. These data suggest there is a relatively tight correlation between the 

presence of SCAR::GFP signal and membrane protrusions in metaphase cells. 
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Figure 5.6. SCAR and PH signals colocalise at the apical side of the dividing 
NB. Genotype: Wor-Gal4/Cyo::ActGFP, UAS-PLCΔPH::RFP x UAS-
SCAR::GFP. High resolution imaging of a representative NB, showing co-
localization of membrane protrusions and peaks of SCAR signal. The graphs 
were obtained by drawing a line in the portion of cortex included in the inserts 
and averaging PH or SCAR signals. Data was normalized by subtracting 
background. Scale bar: 5 µm.   
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5.3  The SCAR/Arp2/3 pathway regulates the organization of the 

apical membrane protrusions.  

After having characterized membrane dynamics and organization in wild type 

NBs, I started looking at how cortical remodelling is affected by SCAR and Arp2/3 

inhibition. First, to determine if SCAR is necessary to organize the apical 

membrane in NBs at metaphase-anaphase transition, I measured the PH reporter 

intensity in cells where SCAR was inhibited through RNAi (Fig. 5.7A). The 

analysis shows that in control cells PH intensity is high before anaphase onset 

and it decreases fast during cortical expansion (Fig. 5.7B), in the same way as 

previously observed in wild type cells (Fig. 5.2). In cells where SCAR is inhibited 

instead, the signal is lower at -120 seconds and decreases less than control. As 

a result, the curve is more similar to a straight line than a sigmoid (Fig. 5.7B). This 

indeed suggests that SCAR is involved in regulating membrane organization at 

the apical side of the NB. 

Next, to test if the Arp2/3 complex contributes to cortical dynamics, I treated cells 

expressing the apical membrane marker (PH::GFP) and a microtubule marker 

(cherry::Jupiter) with the Arp2/3 inhibitor, CK-666. I generated kymographs to 

better visualise changes in apical membrane organisation during the metaphase-

anaphase transition. I then extracted coordinates of the membrane to measure 

cortical expansion (Fig. 5.8A), which I plotted and averaged (Fig. 5.8B). In control 

cells, the resulting curve had a clear sigmoid shape, due to a sudden expansion 

that quickly came to a stop (Fig. 5.8B, Control single cells and Mean). By contrast, 

in cells in which Arp2/3 was inhibited by CK-666, the movement was slower and 

linear (Fig. 5.8B, CK-666 single cells and Mean). Thus, although the treatment 

does not block apical expansion, it changes its dynamics at anaphase onset.  
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Figure 5.7. SCAR helps organise the apical membrane in NBs progressing 
through mitosis. A. Genotype: Wor-Gal4/Cyo::ActGFP; Jupiter::GFP, neur-
PLCΔPH::RFP/TM6B x UAS-SCAR-RNAi. Live imaging of cells expressing UAS-
scar-dsRNA/Cyo::GFP (control) or UAS-scar-dsRNA/WorGal4 (scar RNAi) and 
fluorescent markers Jupiter::GFP and neur-PH::RFP. Dotted line represents line 
traced for analysis of PH signal intensity. B. Plot showing changes in PH intensity 
during time in control and scar-dsRNA cells. Nreplicates = 2. 
Scale bar: 5 µm. Central and error bars: mean and SD.  
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Figure 5.8. Arp2/3 inhibition alters the dynamics of cortical expansion. A. 
Genotype: Wor-Gal4, UAS-cherry::Jupiter/Cyo x L/Cyo ; UAS-
PLCΔPH::GFP/TM6B. Kymographs were generated drawing a line like shown in 
figure, the movement of the membrane was manually traced and coordinates 
were exported and plotted. The final result is represented by the graph on the 
right. B. Graphs showing single cell tracks and mean of membrane movement 
during anaphase, for control (CK-689, 400 μM) and CK-666 treated cells (400 
μM). Single cells graphs show  coordinates from kymographs. Coordinates were 
centred to start at (x=0, y=0).  To plot the mean, a linear interpolation of 
coordinates was performed.  
Nreplicates = 2. Central and error bars: mean and SD. 
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Next, to understand how inhibition of the Arp2/3 complex alters membrane flow 

and movement of membrane domains at the metaphase-anaphase transition (as 

seen in Fig. 5.1), I generated kymographs for both control cells (treated with CK-

689) and CK-666 treated cells. In both cases, a line was drawn from the apical 

plasma membrane and across one of the discrete membrane domains to track 

its movement during passage through mitosis. As shown in Fig. 5.1, in control 

cells membrane domains (orange lines) were seen moving at a relatively fixed 

speed towards the apical side of the cell in prophase, before suddenly reversing 

their direction to move downward at the onset of anaphase. In parallel, the 

previously stable plasma membrane (blue lines) moved rapidly upward and away 

from the apical centrosome as the apical domain expanded at the metaphase-

anaphase transition (Fig. 5.9 Control), before quickly stabilizing its position. The 

dynamics of these movements were altered in CK-666 treated cells. Indeed, the 

majority of PH::GFP bright membrane domains appeared relatively static during 

progression from prophase into metaphase (Fig. 5.9 CK-666). In addition, at the 

onset of anaphase, the inhibition of the Arp2/3 complex suppressed apical 

expansion and the basal flow of membrane, which was ~50% slower in CK-666 

treated cells relative to the control, in line with what observed previously for the 

other processes analysed related to the membrane and PH intensity.   

Earlier in this chapter, I showed that metaphase NBs possess finger-like 

membrane protrusions that appear positive for SCAR and actin filaments. These 

data suggested a role for the SCAR and Arp2/3 complexes in protrusion formation 

likely through the nucleation of branched actin filaments. To test this hypothesis, 

I treated NBs expressing the PH membrane marker with CK-666 and then imaged 

the treated cells at high resolution. While CK-666 treated cells possessed patches 

of PH::GFP in metaphase, which I interpreted as local accumulations of 

membrane, like those seen in the control, this membrane domain was not as 

organized as it was in control cells (Fig. 5.10A, B, D, E). Furthermore, when the 

Arp2/3 complex was inhibited, the excess membrane was observed forming small 

rounded structures, some of which resembled budding vesicles (Fig. 5.10E), 

rather than finger-like protrusions. Thus, the Arp2/3 complex is not required for 

the accumulation of an apical membrane reservoir, but is required for the proper 

organisation of the plasma membrane. During the metaphase-anaphase 
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transition, these membrane domains then became smoothed out so that they 

were no longer visible by cytokinesis (Fig. 5.10G, H), with similar kinetics to the 

loss of membrane protrusions in the control. This is in line with the observation 

made in Fig. 5.9, showing that the membrane still flows downward during 

anaphase following treatment with CK-666, suggesting that the Arp2/3 complex 

is required for organisation of the apical membrane, but not for the changes in 

movement and organisation that occur at anaphase.   

Taking this further, to determine the role played by all types of actin filaments in 

the formation of the polarized membrane protrusions, I treated cells with 

Latrunculin B (LatB). LatB sequesters actin monomers to inhibit actin nucleation 

and polymerisation (Morton, Ayscough, and Mclaughlin 2000). As a result, cells 

treated with LatB cannot assemble Formin- or Arp2/3-nucleated actin filaments, 

or the acto-myosin ring necessary for division (Wakatsuki et al. 2001). 

Nevertheless, as expected, the mitotic spindle was formed and underwent its 

normal anaphase movements in LatB treated NBs, since mitosis is not dependent 

on the actin cytoskeleton (Ramkumar and Baum 2016) (Fig. 5.10C). This enabled 

me to look for changes in the membrane organisation in mitotic LatB-treated 

neuroblasts. These cells developed local patches of apical membrane 

enrichment in metaphase. However, these seemed disorganised and appeared 

to protrude into the cell (Fig. 5.10F), which appeared very different from the spike-

like outward-facing protrusions seen in control cells (Fig. 5.10D-E). LatB also 

blocked all membrane flow (Fig. 5.10I). Taken together, these results suggest 

that the actin cortex is likely required for membrane organisation and directional 

membrane flows during mitosis in NBs. 
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Figure 5.9. Arp2/3 inhibition affects the movement of membrane domains 
during cell division in NBs. Genotype: Wor-Gal4, UAS-cherry::Jupiter/Cyo x 
L/Cyo ; UAS-PLCΔPH::GFP/TM6B. Kymographs of control (CK-689 treatment, 
400 μM) and CK-666 treated cells (400 μM), expressing PH::GFP and 
cherry::Jupiter, and showing movement of plasma membrane (blue lines) and 
membrane domain (orange lines) starting from prophase to cytokinesis. 
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Figure 5.10. Inhibition of actin nucleation affects the apical membrane 
organization of mitotic NBs. A-C. Genotype: Wor-Gal4, UAS-
cherry::Jupiter/Cyo x L/Cyo ; UAS-PLCΔPH::GFP/TM6B. High resolution imaging 
of dividing NBs treated with CK-689 (400 μM) (A), CK-666 (400 μM) (B) and 
Latrunculin B (10 μM) (C). D-F. Inserts depicting z-slice and maximum intensity 
projection of apical side of metaphase NBs highlighted by blue frame, showing 
polarized membrane protrusions in control (D) and the effect of CK-666 (E) and 
Latrunculin B (F). G-I. Inserts depicting z-slice and maximum intensity projection 
of apical side of cytokinetic NBs highlighted by orange frame, showing the 
absence of apical protrusions in control (G) and CK-666 treated cells (H), and the 
presence of the same ones in cells treated with Latrunculin B (I). 
Scale bar: 5 µm.   
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5.4  Arp2/3 helps regulate apical Myosin clearance. 

To determine how membrane remodelling events at the metaphase-anaphase 

transition are coordinated with changes in the actomyosin cortex, I imaged non-

muscle Myosin II, using the Sqh::GFP reporter, together with cherry::Jupiter as a 

microtubule marker, at higher temporal (15 sec/frame) and spatial resolution (Fig. 

5.11A). I then quantified Myosin levels at both the apical and basal side of the 

NB. The result of the analysis shows that Myosin is first cleared from the apical 

cortex around 15 seconds after anaphase onset. This is followed by basal Myosin 

clearance 45 seconds later (Fig. 5.11B, black arrows), in line with previously 

reported data (Roubinet et al. 2017). The comparison of this timing with that 

measured in Figure 5.2 shows that membrane dynamics and Myosin dynamics 

follow the same temporal pattern, suggesting a possible correlation between the 

two events. 

 

 
 
Figure 5.11. Myosin starts to be cleared apically around the time of 
anaphase onset. A. Genotype: Wor-Gal4, UAS-cherry::Jupiter, Sqh::GFP / Cyo. 
High resolution time-lapse image of dividing NB expressing Myosin marker 
(Sqh::GFP) and microtubule marker (cherry::Jupiter). Apical and basal rectangles 
indicate the areas measured for the graph in B. B. Graph shows apical and basal 
Myosin intensity changes with time. Arrowheads mark time points at which 
Myosin starts to be cleared. Nreplicates = 2. 
Scale bar: 5 µm. Central and error bars: mean and SD. 
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Next, I wanted to correlate changes in the pattern of apical Myosin with changes 

in apical SCAR localisation. To help remove the background signal coming from 

surrounding tissue, for this experiment I dissociated brains and imaged single 

NBs expressing SCAR::GFP and Sqh::cherry via the UAS/wor-GAL4 system. 

Time-lapse montages of NBs revealed that levels of apical SCAR and Myosin 

starts to decrease just before the onset of anaphase cell elongation (Fig. 5.12A). 

The SCAR::GFP signal then increases at the furrow, beginning in late anaphase 

and peaking just before cytokinesis completion (Fig. 5.12B). By comparing the 

timing of NB division in this experiment to that seen in previous experiments, we 

can see that there is a delay in mitotic progression. This may be due to the stress 

induced by brain dissociation. It should also be noted that the time of anaphase 

onset in this experiment could not be precisely defined, due to the lack of a 

microtubule marker. However, when the dynamics of SCAR and Myosin are 

compared in these movies, it is clear that the two reporters follow the same 

temporal dynamics. 

 
 

 
Figure 5.12. Apical Myosin and SCAR undergo parallel changes in their 
localisation at the metaphase-anaphase transition. A. Genotype: Wor-
Gal4/Cyo ; UAS-Sqh::mCherry/TM6B x UAS-SCAR::GFP. High resolution 
imaging of dissociated NB expressing a SCAR reporter, UAS-SCAR::GFP and a 
non-muscle Myosin II marker, UAS-Sqh::cherry, which expressions is driven by 
wor-GAL4. Inserts show apical SCAR and Myosin signals. B. Graph showing 
SCAR and Myosin intensity during NB division. SCAR::GFP accumulating at the 
furrow starts at around anaphase onset and peaks at cytokinesis.  
Nreplicates = 2, n = 3. Scale bar: 5 µm.  Central and error bars: mean and SD. 
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Figure 5.13. Arp2/3 controls apical Myosin dynamics in mitotic NBs. A-B. 
Graphs showing Myosin intensity changes during metaphase-anaphase 
transition in heterozygous arp3+/- (A)  and mutant arp3-/- (B) expressing Sqh::GFP 
and cherry::Jupiter. Arrowheads mark the start of Myosin clearance. C. Plot 
showing time of Myosin clearance at the apical side, basal side and difference 
between the two sides, in heterozygous arp3+/- and mutant arp3-/-. D. Myosin 
intensity at time 0 at the apical and basal sides, compared between the two 
conditions. Nreplicates = 3. Asterisks denote statistical significance. ns, not 
significant P > 0.05, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001 
(Tukey’s multiple comparison test).  
Central and error bars: mean and SD. 
  



   

 

  92 
 

Previously I showed that Myosin, PH and SCAR follow the same temporal and 

spatial dynamics at the apical side of the NB, indicating a possible relationship 

between these proteins. To understand if Arp2/3 helps regulate Myosin 

clearance, I measured Myosin intensity at the apical and basal sides of the NB in 

Arp3 mutant and heterozygous control. The heterozygous behaves like the wild 

type (Fig. 5.11), with apical Myosin being cleared around 15 seconds after 

anaphase onset and basal around 60 seconds (Fig. 5.13A). On the other hand, 

in the mutant we can observe a delay in Myosin clearance on both sides: 15 

seconds for the apical, and 30 seconds for the basal side (Fig. 5.13B, C). The 

extra 15 seconds of delay of the basal side are possibly due to cumulative effects 

of the delay in apical Myosin clearance.  

I also compared Myosin intensity at time 0 in mutant and heterozygous animals.  

Interestingly, there is significantly more Myosin in mutant compared to the control, 

but only at the apical side (Fig. 5.13D). This strongly suggests that SCAR and the 

Arp2/3 complex regulate the amount of apical Myosin in cells entering mitosis 

through nucleation of branched actin. As a result, removing one element of this 

pathway leads to an excess of cortical Myosin and to a delay in apical Myosin 

clearance, with consequences for later stages of cell division.      

 

5.5   Conclusion 

In this chapter, I have characterized membrane movement and organization, and 

Myosin and SCAR temporal dynamics in the wild type NB, during metaphase-

anaphase transition. I have shown that all of these processes happen with the 

same dynamics and are possibly connected together. 

I have also shown that inhibiting SCAR or the Arp2/3 complex slows down 

membrane flow and leads to defects of the apical membrane organization at 

metaphase. Furthermore, in the arp3 mutant, more Myosin accumulates at the 

apical side of the metaphase NB and its clearance is delayed. These effects on 

the membrane and Myosin are likely to be the cause of the cytokinetic phenotype 

described in the previous chapters.   
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Chapter 6. 

Discussion. 
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6.1  Introduction 

Cells undergo major shape changes through the different stages of cell division. 

These changes include rounding up at mitotic entry and forming the cleavage 

furrow at cytokinesis. Remodeling of the cortex is carried out by rearrangements 

of the actin cytoskeleton, which in turn is mainly nucleated by Diaphanous-family 

Formins in mitosis (Ramkumar and Baum 2016).  Cells that undergo asymmetric 

divisions face additional challenges as they divide, since they have to coordinate 

shape changes with polarity establishment and fate determinant segregation. 

With the work in this thesis, I have shown that another actin nucleator, the Arp2/3 

complex, is involved in the precise regulation of cortical dynamics. I have used 

the Drosophila neuroblasts to explore the role of branched actin network in 

asymmetric cell division, and I have shown that it is required at metaphase to 

pattern membrane domains at the cortex and to help break the symmetry of the 

actomyosin cortex.  

I have analyzed Arp2/3 nucleation promoting factors, and have identified SCAR 

as the main activator in the dividing neuroblast. I have explored SCAR polarized 

localization and its relationship with the plasma membrane. Finally, I have 

observed the effects of SCAR and Arp2/3 inhibition on the neuroblast.  

In this chapter, I discuss the details of these findings and place them in the wider 

context of the known literature. I also present a model that collates the results of 

this work and discuss further experiments to test the model.  

6.2  Phenotypic discrepancies between different inhibition 

strategies. 

While most of my data were consistent, I observed significant differences 

between drug, RNAi and mutants and, in the case of WASp and WASH, 

phenotypes observed using RNAi could not be replicated by other means. Cells 

where wasp was inhibited by RNAi showed a myosin ring moving from the basal 

side of newly formed NB to the apical side after cytokinesis, but this phenotype 

was not observed in the mutant (Fig. 4.3). This mutant has been used previously 

to show that myoblasts do not fuse in the embryo, indicating that the mutation 
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might be more reliable than the dsRNA, which might have off-target effects 

(Berger et al. 2008b). Furthermore, when WASp localization was observed, I 

could not see it enriched in any particular subcellular structure (Fig. 4.6). 

By contrast, the cortical defects I observed in dividing cells in which either scar 

or wash was knocked-down by RNAi at first glance appeared similar to those 

seen in arp3 RNAi flies. This indicates that one or both of these NPFs could be 

involved in Arp2/3 activation in these cells (Fig. 4.1, 4.2, 3.5). However, wash 

mutant NBs did not exhibit any evident phenotypes. This implies that the dsRNA 

I used had some off-target effect. Furthermore, WASH::GFP seemed to mark 

cytoplasmic spots in interphase, likely endosomes (Derivery et al. 2009; Gomez 

and Billadeau 2009), but did not have any specific localization during mitosis or 

division (Fig. 4.6) (Derivery et al., 2009; Gomez & Billadeau, 2009). For these 

reasons my data cannot be used to conclude that WASH plays an important role 

in the control of the mitotic NB cortex. 

SCAR was the only NPF that when inhibited by RNAi or in loss of function clones 

led to phenotypes comparable to those observed in flies expressing dsRNAs 

targeting arp3 and in the arp3 mutant. Indeed, scar mutant clones also exhibited 

cortical defects at cytokinesis (Fig. 4.4). This is in line with the previously 

suggestion that SCAR is the NPF whose loss of function phenotype most closely 

resembles that of the Arp2/3 complex (Zallen et al. 2002). Furthermore, in this 

system I found that SCAR has a similar pattern of localization to tagged 

components of the Arp2/3 complex. Thus, confocal microscopy of entire brain 

lobes revealed that SCAR::GFP and two GFP-tagged components of the Arp2/3 

complex, ArpC1 and Arp3, all localize at the furrow at cytokinesis (Fig. 4.5, 4.6). 

Two caveats of this experiment are that proteins may not behave normally when 

tagged nor when overexpressed using the UAS/GAL4 system. Moreover, I was 

not able to confirm whether the endogenous proteins had a similar localization 

using antibodies. Nevertheless, the localisation of these proteins to the contact 

site of the two new daughter cells is in line with previously published observations 

(Herszterg et al. 2013). Moreover, I was able to confirm the localization of the 

Arp2/3 complex using two distinct tagged components of the complex. Similarly, 
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SCAR localization was confirmed by looking at the localisation of Abi, a binding 

SCAR partner (Fig. 4.5, 4.9).  

More strikingly, when observed at higher spatial resolution, both Arp3 and SCAR 

exhibited an asymmetric cortical localization at metaphase that to my knowledge 

has not been described previously. The apical cortical localization for SCAR was 

clearest when SCAR::GFP was imaged in dissociated NBs. While the cortical 

Arp3::GFP signal was less bright, it was still clearly concentrated at the apical 

pole of metaphase cells (Fig. 4.5, 4.7, 4.8). Thus, in neuroblasts it is clear that 

Arp2/3 and SCAR complexes co-localise both at metaphase and at cytokinesis. 

In my study I also observed differences in the phenotypic consequences of 

perturbations of Arp2/3 activity which depended on the method used. Thus, the 

cortical defects that resulted from dsRNA mediated interference of arp3 or from 

null mutants in the same gene led to milder phenotypes than those observed after 

chemical inhibition of the complex using CK-666 (Fig. 3.2, 3.5, 3.6). This could 

be due to  secondary effects of the drug. It should also be noted that the treatment 

of brains with a control inactive version of the CK-666, CK-689, also led to the 

accumulation of ectopic Myosin in around 22% of cells (Fig. 3.1). Thus, there are 

likely to be non-specific effects that result from the high concentrations of small 

molecules and/or the solvent (DMSO). Note that it was necessary to add this 

volume of inhibitor solution because of the limited solubility of these small 

molecules and because of the need to penetrate the brain in a timely manner for 

use in these experiments.  

Taken together, however, the similar cortical localization patterns of the tagged 

proteins and the similar cortical phenotypes observed using different tools to 

perturb the function of the Arp2/3 and SCAR complexes confirm a likely common 

role for these two complexes acting in tandem to control actin polymerization in 

the dividing neuroblast. 
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6.2.1  Discussion on cell size 

There were also some perplexing differences in cell size following the chemical 

or genetic inhibition of Arp2/3 complex activity. In the first case, both the daughter 

NB and GMC were bigger than control; indicating a change in cell growth or a 

delay in division. By contrast, in the arp3 mutant, the NB was smaller while the 

GMC was not affected. It is possible that differences in the nature of the 

phenotype affect cell growth or the size at division in complex ways, for example 

by affecting other proteins involved in defining the position of the furrow (e.g. 

Ect2/Pebble) (Montembault et al. 2022).  

The difference may also be due to the impact of perturbations on different 

populations of cells. Thus, chemical inhibition is likely to affect all the cells in the 

tissue surrounding the dividing NB. This will include glia, which in the developing 

Drosophila brain play essential roles in regulating the proliferation of NBs, and 

could influence NB size too (Kanai et al. 2018). Conversely, the loss of function 

mutant may differentially affect cells depending on the time at which endogenous 

Arp2/3 complex runs out, and the use of a driver to drive RNAi will only affect 

cells in the NB lineage.   

6.3  The role of the microtubules in the Arp2/3-dependent 

phenotype. 

The delay in early mitotic stages observed in the perturbations used in this study 

could derive from a delay in the satisfaction of the spindle assembly checkpoint, 

due to microtubule defects (Musacchio and Salmon 2007). This led me to explore 

the role of microtubules in cells in which Arp2/3 was inhibited. This analysis 

revealed microtubules mis-localizing to the cortex at telophase-cytokinesis in 

70% of CK-666 treated cells. Within this group, 64% also show spindle defects at 

metaphase, indicating that the membrane defects observed later are caused by 

defects at the spindle and possibly by microtubules nucleating in the wrong 

subcellular localization (Fig. 3.7). However, removing either the centrosome 

microtubules or all microtubules did not rescue the phenotype at cytokinesis, 

indicating that these misplaced microtubules themselves are unlikely to be 
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responsible for ectopic cleavage furrow formation. Instead, the microtubule 

phenotype is likely to be a separate consequence of Arp2/3 inhibition (Fig. 3.8, 

3.9). In fact, removing centrosomes led to an increase of the penetrance of the 

cortical phenotype in cells in which Arp2/3 was inhibited, when compared with 

cells with centrosomes. Thus, the impact of defects in cortical actin are even more 

extreme when combined with defects in the microtubule cytoskeleton.  

6.4  Role of Arp2/3 on apical cortical remodeling. 

Using the reporter PLCΔ1PH::GFP, which has been proved effective in marking 

membrane domains in both Drosophila and C. elegans (LaFoya and Prehoda 

2021; Scholze et al. 2018), I found that PH-rich membrane domains move 

towards the apical side of the NB during prophase, and then reverse their 

direction of motion in anaphase. These data indicate that the direction of 

membrane flow is coordinated with mitosis phases, as previously reported (Fig. 

5.1) (LaFoya and Prehoda 2021; Oon and Prehoda 2021). However, although 

Latrunculin treatment completely abolishes membrane flows, as these studies 

and my own data show, I found that Arp2/3 inhibition by CK-666 did not eliminate 

these membrane movements, but only delayed their dynamics (Fig. 5.9). 

Similarly, in cells in which scar was knocked-down via RNAi, I observed changes 

in apical PH intensity rather than changes in membrane flow, suggesting a role 

for SCAR in the organisation of protrusions (Fig. 5.5-5.7). Similarly, when the 

Arp2/3 complex was inhibited, protrusions were lost, while excess membrane was 

still observed in patches on the apical cortex (Fig. 5.10). These data suggest that 

SCAR and the Arp2/3 complex nucleate a branched-actin network which creates 

the scaffold for the membrane protrusions, as previously suggested (Biyasheva 

et al. 2004; Georgiou and Baum 2010), but is not responsible for the local 

accumulation of excess membrane, which is more likely carried out by cortical 

flow driven by Myosin acting on a Formin-nucleated cortical mesh (Chugh and 

Paluch 2018; LaFoya and Prehoda 2021; Scholze et al. 2018).  

The SCAR and Arp2/3-dependent membrane protrusions were absorbed when 

the cell entered anaphase and underwent cortical expansion (Fig. 5.3, 6.1). While 

this might lead to the suggestion that these protrusions provide excess 
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membrane that is released for use during cortical expansion, inhibiting the Arp2/3 

complex did not block membrane flows during mitosis and did not prevent the cell 

from completing division. Thus, my data suggest that these protrusions do not act 

as a membrane reservoir, as has been suggested by a paper on bioRxiv (LaFoya 

and Prehoda 2022). Interestingly, excess membrane was still visible after 

Latrunculin B treatment, which abolishes completely actin nucleation (Fig. 5.10). 

In this case, excess membrane formed structures under the plasma membrane, 

rather than protrusions. While these types of experiment using Latrunculin are 

crude, this suggests the possibility that a Formin-dependent actin cortex 

constitutes a scaffold that prevents the membrane from collapsing inwards. 

 

 

 

Figure 6.1. Summary of the cortical processes at metaphase-anaphase 
transition. Representation of processes happening at anaphase onset in wild-
type and cells where Arp2/3 or SCAR have been inhibited .  
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6.4.1  Role of Arp2/3 in regulating cortical Myosin. 

Arp2/3 inhibition also affected Myosin dynamics. Both apical and basal Myosin 

clearance were delayed in arp3 mutant (Fig. 5.13). Even though the basal 

clearance of Myosin is delayed more compared to the apical clearance, this could 

possibly reflect the general delay of mitotic phases observed in the arp3 mutant 

and other conditions where Arp2/3 is inhibited (Fig. 3.4, 3.5, 3.6, 4.2). More 

interestingly, absolute Myosin signal intensity was also increased at the apical, 

but not basal, cortex. As a result, wildtype cells enter anaphase with lower levels 

of apical Myosin, something that might serve to help break the symmetry in the 

system (Fig. 5.13, 6.1). In Drosophila salivary glands, where the actomyosin 

cortex generates the force required to collapse large spherical secretory vesicles, 

the Arp2/3 complex has been proposed to form stripes of branched actin that 

break the symmetry of the Formin-nucleated actomyosin cortex around the 

vesicle (Rousso, Schejter, and Shilo 2016). Recently in vitro work has also been 

published that shows how a branched actin network can prevent the 

accumulation of stress in an actomyosin network, by inhibiting the processivity of 

Myosin motors (Muresan et al. 2022). Here I propose that the SCAR and the 

Arp2/3 complex act in a similar way in the cortex of mitotic neuroblasts to 

construct a branched actin network that reduces the ability of Myosin to be 

recruited to and act on the apical cortex - aiding asymmetrical cortical expansion 

and asymmetric cell division.  

Another effect of Arp2/3 inhibition is the delay in cortical expansion in cells treated 

with CK-666 (Fig. 5.8). While in control cells the apical membrane exhibits a fast 

and sharp movement, treated cells show a slow and gradual expansion (Fig. 5.8, 

5.9). While it is not clear precisely how these changes in cortical remodelling 

dynamics are linked together, one possibility is that the apical accumulation of 

Myosin in Arp2/3 loss of function cells delays cortical expansion. An alternative 

hypothesis is that this delay is instead caused by the disorganized membrane 

protrusions. It is also unclear which of these processes are responsible for the 

phenotypes observed at cytokinesis when either Arp2/3 or SCAR are inhibited. 

These could even result from the effects of perturbations on other structures, e.g. 

microtubules or the actin forming at the new interface between daughter cells. 
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Nevertheless, it remains possible that the loss of branched actin from the apical 

cortex has effects on the system that alter cortical instability in more indirect ways.  

6.4.2  Relationship between membrane dynamics and WASp family proteins and 

Arp2/3. 

In the model proposed by this work, filopodia-like protrusions would be generated 

by SCAR and the Arp2/3 complex. While many studies have assumed a clear 

separation of function between the different Arp2/3 nucleation promoting factors, 

with SCAR being responsible for lamellipodia formation, and WASp being 

involved in filopodia, this is not always the case (Campellone and Welch 2010; 

Chesarone and Goode 2009). In fact, previous work suggests that in Drosophila, 

while SCAR-depleted cells lose both lamellipodia and filopodia, WASp removal 

does not lead to a significant cortical phenotype, arguing that both cortical actin 

structures are largely regulated by SCAR (Biyasheva et al. 2004; Georgiou and 

Baum 2010). 

The filopodia-like membrane protrusions seem enriched in phospholipid PIP2, 

which is a Cdc42-WASp activator. By contrast, SCAR is usually activated by Rac 

and PIP3 (Campellone and Welch 2010). However, a more detailed analysis of 

the lipid composition of these protrusions is required to determine if they are also 

rich in PIP3. A study in the C. elegans zygote shows a link between PIP2 

membrane domains, Cdc42 and polarity proteins Par-3/Par-6, and proposes that 

the lipid membrane component modulates actin organization and cell polarity 

(Scholze et al. 2018). However, in several of Drosophila cell types, including NBs, 

it has been shown that Baz preferentially binds PIP3 (Krahn et al. 2010), indicating 

that the relationship between polarity and actin nucleators might be different in 

different systems. Therefore, it would be interesting in the future to explore the 

distribution of specific phospholipids in the NB membrane during division. In 

conclusion, SCAR depletion appears clear and fits that described by previous 

studies that implicated SCAR in the formation of thin actin-based protrusions, 

making this factor the best candidate nucleator for the actin network at the 

membrane protrusions (Georgiou and Baum 2010; Trylinski and Schweisguth 

2019; Zallen et al. 2002). 
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6.5  The case for a role of Arp2/3 in mitosis. 

Having observed a role for the Arp2/3 complex in cortical dynamics upon mitotic 

exit (Fig. 3.1, 3.2, 3.5, 3.6) my initial hypothesis was that Arp2/3 was inactive in 

metaphase but then reactivated at cytokinesis in the NB, as has been shown in 

other systems. For example, the Arp2/3 complex is activated at mitotic exit in 

human cells (Farina et al. 2019), and has a role in regulation of the cortex in the 

C. elegans zygote and in Drosophila SOPs during cytokinesis (Chan et al. 2019; 

Trylinski and Schweisguth 2019). However, upon further examination my data 

suggest that the Arp2/3 complex has a role within mitosis. This is much more 

surprising, since it is believed a general switch from Arp2/3 to Formin nucleated 

actin filament formation exists upon entry into mitosis, and that it is reversed at 

mitotic exit (Ramkumar and Baum 2016).  

My data include the observation that Arp2/3 inhibition leads to a delay of one or 

more mitotic phases (Fig. 3.4, 3.5, 3.6). In particular, the time from NEB and 

anaphase onset was longer in all conditions, while the time from anaphase to 

cytokinesis was longer in CK-666 treated cells and arp3 RNAi experiment but not 

in arp3 mutant cells. By contrast, the third phase, from cytokinesis to NER was 

the same as control in all cases. This suggests that even though the most evident 

phenotypes like cortical instability and the ectopic cleavage furrow are seen at 

the end of division, Arp2/3 inhibition might exert its function in mitosis. In addition, 

the Arp2/3 membrane protrusions I observe on the apical cortex are assembled 

in prophase or early metaphase. While this is the case, I was not able to observe 

any strong gross cellular defects in Arp2/3 loss of function NBs during 

metaphase. This changes when cells enter anaphase (Fig. 6.1). As soon as this 

occurs, Arp2/3 inhibition leads to cortical instabilities, like those seen by Rousso 

et al. in Drosophila salivary glands. In vesicles in the salivary gland, Arp2/3 and 

Formin pattern the cortex to enable smooth changes in shape. The same 

mechanism may be in place in the NB cortex. Both types of actomyosin-mediated 

changes in membrane organisation require precision. Thus, even though the 

Arp2/3 complex does not contribute to the forces that drive cell rounding or to 

cytokinesis, the results observed in this work suggest that it might be needed to 

fine tune the mechanics to add precision and robustness to the system. This is 
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shown by the fact that while cells without Arp2/3 still divide, further perturbations 

of the system, for example the loss of Sas4, lead to a profound increase in the 

prevalence of defects.  

Based on my observations, I will now present a working model for the function of 

branched actin in asymmetric NB division. First, SCAR and Arp2/3 are recruited 

to the apical side of the NB in prophase-metaphase, perhaps by the polarity 

machinery, where they nucleate branched actin network that supports the 

formation of filopodia-like membrane protrusions (Fig. 6.1). I anticipate that 

Formin-dependent actin filament formation will also be required for the formation 

for these protrusions. At the same time, this network of branched actin limits the 

accumulation of Myosin at apical pole of the cell, as has been shown to occur in 

vitro (Muresan et al. 2022). Arp2/3 activity would therefore aid the polarity 

machinery in breaking the symmetry of the actomyosin cortex that leads to 

Myosin flow. Arp2/3 activity alone can not substitute the activity of the polarity 

complex in affecting Myosin localization, as demonstrated by the drastic effect of 

polarity inhibition compared to the mild effect of Arp2/3 inhibition. However, I 

believe this mechanism to be necessary to fine tune the complex rearrangements 

of the cortex happening at metaphase-anaphase transition, which is in turn 

required for proper asymmetry establishment in the NB. Indeed, the loss of Arp2/3 

function leads to a disorganized apical membrane at anaphase onset. This in turn 

leads to affected dynamics of cortical expansion, and possibly to cortical 

instabilities and defects at cytokinesis (Fig. 6.2). Further work will be required to 

fully test this model. For example, in the long term future it would be great to know 

if the cortex has an asymmetric distribution of branched and unbranched actin as 

predicted by this model, e.g. using electron microscopy.   
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Figure 6.2. Model for the role of SCAR/Arp2/3 during metaphase-anaphase 
transition in the NB. Schematics representing how SCAR and Arp2/3 regulate 
cortical remodelling at anaphase onset in the NB.  
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6.6  Conclusions and future perspective. 

With this work, I present a new model for the role of SCAR and Arp2/3 complex 

in shaping the cortex at metaphase-anaphase transition in dividing NBs. In this 

system perturbations to SCAR or the Arp2/3 complex delay cortical expansion, 

and lead to cortical instability and to defects in the precisely choreographed 

changes in shape cells undergo to achieve an asymmetric division (Fig. 6.1A). In 

this process, we propose that the SCAR complex provides a polarised cue to bias 

the accumulation of Arp2/3 leading to the formation of a branched apical actin 

network. 

To better understand if the delayed cortical expansion and phenotypes at 

cytokinesis in Arp2/3 loss of function cells are driven by excess Myosin or by the 

disorganized membrane protrusions, these two processes should be inhibited 

one at a time and in a specific way. It is challenging to selectively inhibit PIP2 and 

PIP3 rich membrane domains, without affecting the overall organization of the 

membrane. An approach to directly test whether the Arp2/3 loss of function 

phenotypes arise from overactive Myosin would be to use nanobodies to over-

activate Myosin to the apical side of the NB to reproduce the effect of Arp2/3 

inhibition.  

I also showed that SCAR localizes asymmetrically in metaphase, in a manner 

that resembles that of aPKC and Par3 (Loyer and Januschke 2020; Petronczki 

and Knoblich 2000; Wodarz et al. 2000). In both Drosophila neuroblasts and C. 

elegans a link between these proteins and F-actin, Myosin and membrane 

domains has been clearly established (LaFoya and Prehoda 2021; Oon and 

Prehoda 2021; Scholze et al. 2018). Future work will be necessary to elucidate 

how SCAR is recruited apically and the mechanisms involved. This could be 

explored by studying the role of PIP3, PIP2, Rac and Cdc42 in activating SCAR, 

and how each in turn is recruited to the apical cortex.  

The apical localization of SCAR and of the membrane protrusions suggest that 

this mechanism might be recruited through polarity and the Par complex. Indeed, 

epithelial cells often present membrane protrusions like filopodia or microvilli at 

their apical side, and these are regulated by the Par complex via Cdc42 and Rac, 
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that in turn induce activation of WASp and SCAR/WAVE, respectively, to form 

branched actin networks. Therefore, even though I have not explored the role of 

polarity in formation of protrusions in the NB, my work fit with what is known about 

polarized membrane protrusions. Usually protrusions in epithelial cells are either 

driving cell migration, necessary to contact neighbouring cells, or used to 

increase cell surface. In this thesis I was not able to show what is the exact 

function of the membrane protrusions, but they could be either similar to microvilli 

as in they are used by the cell to store excess membrane necessary for cortical 

expansion, or they could have a similar function to blebs and be used to stabilize 

the cortex and maintain/release membrane tension. Several cell types, like HeLa 

and Drosophila SOPs undergo blebbing at the poles during anaphase to release 

tension. Therefore, the observations in the NB in this thesis could show how a 

mechanism that is well understood in a specific biological context can be adapted 

for specific use in a different situation, specifically in this case, in asymmetric cell 

division in non-epithelial cells.  
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